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ABSTRACT 
 
 The chemicals produced by biological systems, whether proteins, peptides, or terpenes, 
will always provide an intriguing topic for researchers. Invisibly controlling every aspect of 
nature, these molecules are responsible for life, evolution, and death. Specifically, here is 
described the secondary metabolites produced by Antarctic marine organisms as well as others, 
and how they are used to defend or attract other animals while potentially providing health 
benefits to mankind. This is done through collection, extraction, and separation of individual 
specimens. The respective mixtures of compounds after isolation are then analyzed via 
spectroscopic methods such as nuclear magnetic resonance spectroscopy, mass spectrometry, and 
X-ray crystallography. Once identified, these compounds are tested in biological assays to 
provide a hypothesis for their use in nature or evidence that there may be a use for them in 
medicine.  
 For this thesis, the Antarctic organisms described are an alga, Pocamium cartilagineum, 
an amphipod, Paradexamine fissicauda, a sponge, Dendrilla membranosa, and one undescribed 
and two known deep sea coral species, Briareopsis aegeon and Plumarella delicatissima. 
Beyond these specific specimens, their chemistry as well as natural products from other origins 
were combined to create a diverse compound library for biological screening against human 
pathogens. This was done using computational modeling and statistical analysis of the compound 
library and its comparison to other known chemical libraries. The diversity and impact of these 
molecules are assessed.
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ALPHA: A Rather Brief and Unorthodox Introduction to Natural Products 
 
“We live by our eyes and ears and tend generally to be oblivious to the chemical happenings in 
our surrounds. Such happenings are ubiquitous. All organisms engender chemical signals, and all, 
in their respective ways, respond to the chemical emissions of others.” – Thomas Eisner and 
Jerrold Meinwald (1995)
1 
 
The compounds produced by many plants and animals are toxic to different organisms 
depending on their specific use within an ecosystem. They are often unassociated to primary 
metabolism and have therefore been referred to as secondary metabolites (or natural products).
2
 
Due to their ecological significance, the study of these chemicals within a specific environment 
or ecological niche is labelled ‘chemical ecology (Οικολογία)’, or when translated, the study of 
our home’s chemistry. To provide an example, terrestrial plant species within the genus 
Toxicodendron have been well chemically studied. This genus includes poison ivy and poison 
oak, which can cause minor to major skin irritation based on a given individuals reaction to the 
chemical urushiol from the Japanese word for Toxicodendron vernicifluum, urushi (漆).3 This 
terrestrial example, along with many others, inspired early marine chemists to extract and 
analyze the toxic (and non-toxic) secondary metabolites of marine organisms with similar 
physical limitations to that of plants such as little to no movement, easily consumed flesh or 
exteriors, and housing accommodations to other organisms for protection.
4
 This lack of physical 
protection provides an excellent environment for producing chemical defenses as an alternative. 
2 
 
Although other levels of communication can be accomplished with natural products, such as 
attraction, community organization, and sexual screening, a large majority of the compounds 
described are motivated by defense.
5-8 
Translation of chemical linguistics can be accomplished using a multitude of strategies 
and instrumentation, which have been exhaustively described in the literature.
9-11
 By and large, 
many natural products labs start with some level of collection, whether it be a hike in the woods, 
SCUBA diving in Key West, or spelunking through caverns. This is the observation and hearing 
portion of understanding any chemical language, especially in chemical ecology. The next 
phases of extraction and separation harness the fundamental techniques taught in analytical 
chemistry,
12
 and both are time consuming and often tedious. Extraction is typically related to 
steeping tea in a pot or brewing coffee. The major difference of course being that the solvent of 
choice is not usually water, but rather dichloromethane, hexanes, methanol, or just about any 
flavor of solvent. Separation (beyond partitioning) is typically more complex and usually 
requires more expensive instrumentation. It is more an art than a science and demands patience. 
For the purposes of this dissertation, chromatography using silica gel or C18 as a solid phase was 
most commonly used on MPLC and HPLC instrumentation equipped with UV or ELSD. During 
separation you hopefully accomplish the isolation of a pure compound, and then structure 
elucidation of the secondary metabolites can begin. Solving the structures of unknown 
compounds requires many spectroscopic techniques and high end instrumentation.
13,14
 These 
most commonly consist of IR, UV, and NMR spectroscopy along with MS, and for some of the 
lucky few, X-ray crystallography. This is when you potentially have the opportunity to see a 
molecule for the first time before anyone in the world has observed the exact same chemical 
properties you are analyzing. This is the moment. Too many people take this moment for granted 
3 
 
and jump to what the purpose of the natural products will be, but this moment should be 
cherished. Relatable to solving complex riddles or logic puzzles, structure elucidation demands 
pattern recognition and full awareness of the forces governing electron shielding and magnetism, 
or a good database. Dereplication is too often the name of the game in the 21
st
 century, since 
many molecules have been discovered,
15
 therefore many new advancements have aimed towards 
rapid identification of compounds
16-18
 or more recently, only isolating compounds with known 
biological activity.
19-21
  
For this dissertation, most of these techniques along with others will be described in the 
respective introductions to each chapter. The objectives were different for each project, so this 
seemed aesthetically pertinent. Section Beta contains two chapters about the chemical ecology 
and natural products work performed on Antarctic organisms. Chapter 1 focuses on shallow 
organisms along the western Antarctic Peninsula and pertains to the red alga, Plocamium 
cartilagineum and one of its amphipod predators, Paradexamine fissicauda. A full chemical 
investigation was performed with both species in hopes of developing a better understanding of 
the Antarctic marine ecosystem, which could be very different a few decades from now as 
climate change accelerates. In chapter 2, we move slightly north to the Scotia Arc and focus on 
deep water Antarctic octocorals, and the role of their secondary metabolites in drug discovery. 
Section Gamma then takes all of these molecules along with others that have been isolated in our 
lab over the past two decades and moves into natural products drug discovery as a whole. This 
natural products compound library was exposed to some of the techniques that define where 
natural products chemistry is most likely headed. Surprisingly the overarching theme is more 
specific than just natural products, and as you may soon realize, it is terpenes. An ancient class of 
molecules with many avenues yet uncovered.    
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BETA: Antarctica 
 
 Antarctica is an ancient, unique environment known to be one of the most extreme 
continents on the planet. Despite much of the charismatic megafauna dominating headlines, 
much of the biodiversity lies beneath the ice and water surrounding this vast desert. Sponges, 
corals, tunicates, and nudibranchs are a few of the many marine invertebrates living in Antarctic 
waters. These organisms along with dozens of algal species have limited physical attributes 
capable of warding off predators, which results in the necessity for chemical defenses 
comparable to those of terrestrial organisms like the toxic plant species of Toxicodendron 
mentioned in the introduction. Extensive research has been done on a select few of the species of 
marine organisms in Antarctic waters; however, the studies that have been done show this 
environment to chemically and biologically rival the diversity of tropical climates.
1
 
 The unique environment established in Antarctica is due to the isolation of the fifth 
largest continent on earth nearly thirty million years ago. When Antarctica separated from 
Australia and South America, it allowed the passage of ocean waters which now comprise the 
Antarctic Circumpolar Current. This seawater no longer traveled around the other continents into 
the tropics, therefore creating the frozen desolate lands we now know as the Antarctic continent. 
This segregation has aided the unique evolution of Antarctic marine species to form ancient 
competitive relationships that largely rely on chemical defenses.
2 
Research in this area has 
flourished in the past three decades; however, there are still only approximately 600 known 
secondary metabolites from the marine environment surrounding the Antarctic continent, which 
7 
 
includes the Scotia Arc and other surrounding islands (Figure β.1).3 
 
Figure β.1. Google Earth view from space of the Antarctic continent with many of the common 
collection sites for natural products highlighted.
8 
 
Many reviews on Antarctic chemical ecology have been published showing the vast 
amount of information we have accumulated to date as well as the growing number of questions 
yet to be answered.
1,3-7
 To avoid reiterating, I will only discuss some of the scenarios along the 
western Antarctic Peninsula that have vast evolutionary implications in the marine environment 
and contributed to the hypothesis proposed for chapter 1 of this dissertation. Multiple species 
show signs of genetic divergence and co-evolution in the Antarctic benthos. Tandem analyses of 
genetics and secondary metabolite production have shown that divergent phylogroups parallel 
divergent metabolomes. This partnership between chemo- and phylogroup provides insight into 
how these organisms interact with their environment and evolve. Organisms such as the 
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nudibranch Austrodoris kerguelenensis (Figure β.2), which produces the diterpene palmadorins, 
provide evidence of cryptic speciation events driven by glaciation and predation on the Antarctic 
Peninsula.
9
 Similar metabolomics analyses done on the yellow demosponge Dendrilla 
membranosa reveal production of habitat specific secondary metabolites, where sponges within 
the algal canopy elaborate a more diverse array of compounds than their deeper counterparts.
10
 
Other possible defenses driven by geographical constraints have also been recently observed in 
Antarctic bryozoans.
11 
With rapidly changing environments due to climate change, the Antarctic 
is most susceptible to conditions that might endanger the native organisms. It is imperative that 
we understand the chemical and biological diversity that has evolved over millions of years 
before it is extinct in order to comprehend where things may be going. 
 
Figure β.2. Antarctic nudibranch Austrodoris kerguelenensis on top of tunicate Synoicum 
adareanum. The red alga Plocamium cartilagineum, chapter 1, can be seen at the bottom. Photo 
credit: JvS (2011). 
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CHAPTER 1: Plocamium cartilagineum and Paradexamine fissicauda:  
 
Figure β.1.1. Paradexamine fissicauda perched on top of Plocamium cartilagineum. Photo 
credit: M. O. Amsler (2010). 
 
1.1. Introduction to red algal secondary metabolites and Plocamium 
Seaweed chemistry has been intriguing to mankind since ancient healers used them to 
treat common diseases and ailments.
1 
Many algal species have been chemically investigated 
around the world including examples from all major groups of macroalgae (red, brown, and 
green) as well as microalgae. However, in the Antarctic ecosystem, few researchers are studying 
the secondary metabolites production of these organisms despite macroalgae being the dominant 
species contributing to biodiversity along the benthos.
2
 Similar to terrestrial plants, algae are 
known for a diverse array of terpenes and terpenoids;
3
 however, some algal species produce 
these molecules with highly halogenated functionality. Rhodophyta, or red algae, are infamous 
for producing high levels of organohalogens.
4
 Halomethanes isolated from this group provide 
one of the only natural examples of one carbon atom bearing three different halogens (chlorine, 
11 
 
bromine, and iodine).
5
 Red algae also produce a large array of both cyclic and acyclic 
halogenated monoterpenes, especially species within the genera Plocamium, Laurencia, 
Chondrophycus, and Osmundea.
6
 These monoterpenes consist of two isoprene (2-methyl-1,3-
butadiene) units and any number of halogenation; however, the maximum number of halogens to 
date that any monoterpene isolated from the marine environment has contained is six (Figure 
β.1.2).  
 
Figure β.1.2. Various polyhalogenated monoterpenes isolated from Plocamium cartilagineum.6  
 
It has been shown that individual organisms will produce a multitude of metabolites from 
identical structure classes with only minor adjustments in oxidation, olefination, halogenation, 
etc. in order to maintain an evolutionary advantage.
7
 Overall the long term implications are 
beneficial despite the energy costs to produce an array of molecules, since many are used as 
chemical defenses where resistance can occur when only one compound is produced. Plocamium 
is an archetype for this type of chemical production, where over 130 polyhalogenated 
monoterpenes have been extracted from these red algae to date according to the MarinLit 
12 
 
Database. Original investigations of this genus were done in conjunction with the compounds 
found in the digestive tract of the sea slug Aplysia californica.
8
 The origin of the highly 
halogenated organic molecules being consumed and reused (sequestered) by A. californica  was 
proposed to be either Laurencia spp. or Plocamium  spp.
9
 Further investigations of these red 
algae, and more specifically Plocamium, were performed throughout the 1970’s and led to a slew 
of new volatile polyhalogenated monoterpenes.
10-13 
From these detailed investigations, it was 
observed that Plocamium species were releasing these volatile chemicals in variable abundance. 
It was concluded via the use of gas chromatographic techniques that within the same species of 
Plocamium, P. cartilagineum and P. violaceum, different chemical forms were found when 
collecting from different locations around Monterey Bay, California, USA.
14,15
 In 1979, Stierle et 
al. finally took these findings south to the Antarctic and found that P. cartilagineum from the 
Antarctic Peninsula also produces many of these polyhalogenated monoterpenes in cyclic and 
acyclic forms.
16,17
 The pioneering research done on this red alga forty years ago has led to the 
hypothesis that P. cartilagineum in the Antarctic is in an ancient, dynamic environment 
comparable to few other known places on the planet, and should therefore produce these 
molecules in even greater variability. A rich secondary metabolome such as this supplies us with 
a perfect specimen for ecological studies applying metabolomics analyses.
18 
The volatility and 
halogenation of these monoterpenes is best analyzed using gas chromatography connected to a 
mass spectrometer, since the isotopes of halogens are unmatched by many other atomic species. 
We proved the site variability hypothesis to be correct using gas chromatography/mass 
spectrometry on a triple quadrupole detector,
19
 and the results were much more dramatic than 
originally anticipated. On initial investigations of only seven sites within a two mile radius 
surrounding Palmer Station, Anvers Island, it was obvious that the chemical production of P. 
13 
 
cartilagineum was diverse; however it was also discovered that there were two genetically 
distinct phylogroups of the red alga. The chemical production was more variable than simply 
splitting the algae into two genetic subgroups, which became more evident as the number of sites 
were increased and high resolution mass capable instrumentation was utilized (Figure β.1.3 and 
β.1.4).  The MDS plot displayed in Figure β.1.4 shows clustering of algae from similar sites; 
however, it should be noted that seasonality altered the chemistry produced by P. cartilagineum 
much like it does for terrestrial plants. This is most evident at E. Litch (or East Litchfield Island; 
blue triangles), which has one major outlier during a March collection, whereas the rest of the 
specimens were collected in June. Life stages were also accounted for, but did not seem to play 
as large of a role as location or seasonality. Information on how the statistical analysis was 
performed can be found in Appendix A. 
 
Figure β.1.3. GC/MS-QToF [EI] chromatograms showing the metabolomics profiles of all P. 
cartilagineum collected from eighteen different sites around Palmer Station, Anvers Island, 
Antarctica.  
14 
 
 
Figure β.1.4. MDS plot representing the variability in metabolite production at eighteen different 
locations surrounding Palmer Station, Anvers Island, Antarctica.  
 
An example of three different metabolomic profiles can be seen in Figure β.1.5 from 
Solstice, East Litchfield Island, and the Bahia Paraiso collections. The gas chromatography 
chromatograms were produced on a GC/MS-QToF showing obvious compound variability 
between locations. Compound identification was performed on P. cartilagineum specimens 
collected at the Palmer Station Dock, since large quantities of algae could be collected for 
extraction and isolation of major compounds. The metabolomics profile of Palmer Dock with a 
few of the major metabolites identified can be seen in Figure β.1.6. For detailed information 
about the compound isolation and structure elucidation, please refer to section 1.3. 
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Figure β.1.5. GC/MS-QToF [EI] chromatograms showing the metabolomics profiles of P. 
cartilagineum collected from three different sites around Palmer Station, Anvers Island, 
Antarctica (Solstice, East Litchfield Is., and the Bahia Paraiso). 
  
  
Figure β.1.6. GC/MS-QToF [EI] chromatogram showing the metabolomics profile with 
identified metabolites of P. cartilagineum collected from the Palmer Station docks.  
1 
2 
3, 4 
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1.2. Chemical ecology and the unique adaptations of Paradexamine fissicauda 
Chemical ecology, or ecology in general, is a rather slippery slope. Often described as a 
philosophical endeavor just as much as a scientific one, it is necessary to divulge well known 
examples before mudding the waters with new and exciting experiments. Much like the non-
terpenoid toxin urushiol described in the Alpha section of this dissertation, many terpenes are 
also known to have widespread ecological impacts in both the terrestrial and marine 
environments.
20
 To focus on monoterpenes for the purposes of following the chemical 
production of P. cartilagineum, the monoterpene linalool is used as protection against aphids in 
the terrestrial plant Arabidopsis thaliana,
21
 geraniol provides one of the only examples of volatile 
plant terpenes shown to attract pollinating moths as a means for survival,
22
 and chloromertensene 
is a monoterpene produced by P. hamatum as a spatial defense against coral overgrowth into 
their territory (allelopathy).
23,24
 All of these terpenes provide examples of the eclectic nature of 
these molecules and hopefully emphasize the longevity of ecological projects, since many facets 
of nature must be either proven or disproven in order to make an educated conclusion. Therefore, 
many examples of the roles played by terpenes have been reported; however, the vast majority of 
structures have yet to be assigned an ecological niche, and much work is still needed in the field.    
In the example of P. cartilagineum, hydrophilic and lypophilic crude extracts of Antarctic 
specimens collected near Palmer Station have shown strong deterrence towards feeding from 
multiple sympatric species.
2
 The extracts were rejected 100% of the time by the amphipod 
Gondogeneia antarctica, greater than 90% by the fish species Notothenia coriiceps, and greater 
than 40% by the sea star Odentaster validus. The feeding patterns among this and other 
macroalgal species in the Antarctic benthos has led to an ecosystem described as having 
community-wide mutualism proposed by Amsler and colleagues. Amphipods eat the epiphytic 
17 
 
algae (microalgae often responsible for fouling larger algal species), and in return, they take 
refuge in the macroalgal canopies as protection from fish predators.
25
 In other areas around the 
world, the role of amphipods in marine algal habitats has been proposed to be as significant as 
the role of insects in terrestrial plant communities,
26
 and the Antarctic seemed to not be an 
exception. However, for the first time, a rebel to this prescribed habitat was discovered, 
Paradexamine fissicauda. P. fissicauda, one of the larger amphipod species, was observed 
consuming the thallus of P. cartilagineum without any noticeable repercussions despite the 
toxicity of its highly halogenated secondary metabolites.
27
 As described in section β.1.1, sea 
slugs such as the sea hare A. californica are capable of sequestering these compounds for their 
own protection; however, this has never been described in a crustacean. It is also common for 
these predatory organisms to sequester multiple compounds in order to avoid the potent toxicity 
of only one compound. This inherently makes it difficult to detect some of these molecules when 
they are in low abundance.  
Initial work done by Amsler et al. shows the existence of halogenated small molecules in 
the lipophilic extracts of P. fissicauda,
 27
 and further work performed now identifies a few of 
those metabolites (Figures β.1.7 and β.1.8). Proof of sequestration was provided by GC/MS-
QToF metabolomics profiles of the amphipods fed on the chemically defended red alga, P. 
cartilagineum, and the non-chemically defended red alga, P. decipiens, which were then 
compared to the metabolites being produced by each algae (Figures β.1.7). The sensitivity of the 
ToF instrumentation was imperative for the detection of these molecules, since P. fissicauda is at 
its largest the size of a Bertie Bott’s Every Flavour Bean. The chromatograms and mass spectral 
data show that P. fissicauda fed Plocamium is more chemically rich with halogenation. To verify 
that these compounds were not coming from the digestive gland of the amphipod and were 
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actually being sequestered, the amphipods were starved long enough to evacuate any remaining 
algae in their guts. Upon focusing on the P. fissicauda and P. cartilagineum metabolomes, we 
can see that similar molecular ions with distinct halogenation isotopic patterns are observed 
(Figure β.1.8). Matching the retention times and mass spectrum of the two later peaks in the 
chromatograms, we have tentatively identified these metabolites as compounds 2 and 3 from 
Figure β.1.6. Further chemical analysis and feeding studies are being performed to verify these 
results. 
 
Figure β.1.7. GC/MS-QToF [NCI] chromatograms comparing the metabolome of young P. 
fissicauda fed with P. decipiens (top green) to young P. fissicauda fed with P. cartilagineum 
(bottom green) to the metabolomics profiles of the red algae P. decipiens (black) and P. 
cartilagineum (purple). 
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Figure β.1.8. GC/MS-QToF [NCI] chromatograms and mass spectra comparing the metabolome 
of young P. fissicauda (top) to P. cartilagineum (bottom). Image shows from top to bottom m/z 
329.7720, 352.8850, and 308.9366. 
 
Different sexual and life stages of P. fissicauda were also analyzed for their chemical 
constituents. Freshly hatched young P. fissicauda become juveniles to then mature into adults. 
Initial results show that the young are sequestering a higher abundance of halogenated 
metabolites as shown in Figure β.1.8. If this holds true, it would be in agreement with the 
optimal defense theory which states that young or juvenile organisms are at a heightened risk of 
predatory attacks, and therefore need greater protection.
28
 Adult females have also shown 
fragmentation patterns indicative of halogenation (Figure β.1.9); however, males and amphipod 
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molts have not. The next Antarctic field season of 2016 will focus on the ecological roles of each 
individual compound to identify their attractive or more likely deterrent affects. It will also 
reveal any site specificity present in the unique relationship between P. fissicauda and P. 
cartilagineum. The biosynthesis of these secondary metabolites has also been a mystery for 
decades; however, in the past year, Paradas et al. has located the vacuoles (mevalonosomes) 
housing the mevalonate pathway towards the production of halogenated monoterpenes.
29 
These 
initial studies could eventually help in identifying the mechanisms used by P. fissicauda to 
sequester the toxic terpene chemistry of P. cartilagineum. 
 
Figure β.1.9. GC/MS-QToF [EI] chromatogram and mass spectrum of adult female P. fissicauda.  
 
1.3. Isolation and structure elucidation of halogenated monoterpenes from P. cartilagineum 
P. cartilagineum was collected during the austral summer and fall of 2011. The 
specimens were frozen immediately on station in a -70C freezer. These were shipped frozen 
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back to USF in Tampa, FL, and they were extracted cold, without freeze drying due to the 
volatility of these monoterpenes, in MeOH-DCM (1:3). A dichloromethane and water partition 
was performed to target the most nonpolar terpenes in the mixture, and the non-aqueous (DCM) 
layer was collected and dried for MPLC separation. It was mounted on silica gel and fractionated 
by normal-phase MPLC with UV (see Appendix A for chromatograms). Further purification was  
guided by the chromatograms produced by the GC/MS-QToF for each MPLC fraction as well as 
the NMR spectra collected. Fractions C and D eluting from EtOAc-n-hexane (1:4) to EtOAc-n-
hexane (1:3) had GC/MS profiles almost identical to the crude metabolomics performed for the 
site specificity analyses and were therefore selected for separation using NP HPLC with UV 
detection (Scheme β.1.1; Figure β.1.10). Separations were performed using two semi-preparatory 
NP silica columns in succession with pentane as a starting solvent and EtOAc as solvent B. 
MPLC Fraction A was collected as a pure compound and identified as heptadecane (32 mg) via 
the NIST 2014 database for the GC/MS-QToF. The NMR spectrum corresponded to a long chain 
alkane, so a standard was purchased to verify this structure (see Appendix A). 
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Scheme β.1.1. Extraction scheme for PSC11-10, Plocamium cartilagineum. Highlighted in red 
are the fractions separately analyzed further for compound isolation. 
 
 
Figure β.1.10. GC/MS-QToF [EI] chromatograms comparing MPLC fractions C and D to the 
crude metabolomic fingerprint of P. cartilagineum collected at the Palmer Station docks. 
Plocamium cartilagineum 
[ 2.2 kg wet weight] 
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2
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Identification of polyhalogenated metabolites was largely done using the MarinLit 
database (http://pubs.rsc.org/marinlit) and the published research mentioned in section 1.1. 
Compounds 1-4 from Figure β.1.6 match the NMR or mass spectral data from Stierle et al. 
(Figure β.1.11);17 however, many of the published structures lack verified stereochemical 
assignments, therefore these are all only 2D renditions of the structures. The assigments made 
are typically assumed due to similar biosynthetic origin. An overview of the 
1
H and 
13
C NMR 
chemical shift patterns indicative of the published Antarctic monoterpenes collected from P. 
cartilagineum is shown in Figure β.1.12 and β.1.13. For instance, due to the difference in 
electron density and radius of a chlorine versus a bromine atom, a terminal vinyl chloride at C-1 
will express distinct chemical shifts (H ~6.4, C ~120-125) versus that of a vinyl bromide (H 
~6.6, C ~110-115). Patterns such as these also hold true for sp
3 
hybridized carbons (methine or 
methylene) bearing chlorine or bromine atoms. Due to the lack of adjacent hydrogen atoms 
attached to sp
3 
carbons, 2D experiment such as TOCSY or COSY are often insufficient, therefore 
detailed analysis of the chemical shifts, multiplicity, and J-coupling present in the 
1
H and 
13
C 1D 
NMR spectra is imperative. New technologies, published in the past six months may also 
improve the efficiency of the process in 2D NMR experiments, such as Band-Selective HSQC.
30
 
Limited mass of some of these molecules was obtained, and where possible, comparison of the 
1
H and 
13
C NMR chemical shifts to literature values was documented in Table  β.1.1. One 
obvious difference was observed between the published structure 2 at H2-8 and H2-9 where the 
published multiplicity was a broad singlet; however, in 2 isolated here, these were very distinct 
doublets with a large coupling constant split directly around the position where the broad singlet 
should be. This was attributed to the increased magnetic field and cold probe used in our 
facilities (Inova dd500) which are more sensitive than the 90 MHz instrument used in 1979. It is 
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presumed that these doublets are the result of the individual protons of the halogenated 
methylenes (H-8a and b, H-9a and b) having different enough electronic environments that a 
non-first-order AB spin system is observed. The hydrogens at C-8 couple as separate doublets Jab 
= 2, whereas those at C-9 show doublets with Jab = 6. This is verified by compound 1, which 
lacks this multiplicity and a singlet appears at H2-8, since H3-9 has lost the chlorine atom to 
become a methyl substituent rather than the chlorinated methylene. The absence of halogenation 
no longer causes H-8a and H-8b to split and is further validated by the presence of this spin 
system in 3 and 4. The NMR prediction tool in the ChemBioDraw Ultra 14.0 software also 
predicts complex splitting of the methylenes in 2, 3, and 4, but not in 1. 
  
 
Figure β.1.11. A few of the structures documented in Stierle et al.17 
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Figure β.1.12. 1H NMR spectrum of 2, 3, and 4 mixture showing a typical 1H NMR spectrum 
produced by acyclic polyhalogenated monoterpenes.
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Figure β.1.13. Representative NMR spectrum to show the 13C NMR fingerprints produced by 
acyclic polyhalogenated monoterpenes from Stierle et al.
17 
 
Vinyl protons on 
terminal olefin 
bearing Br or Cl 
Non-halogenated 
Olefins 
CH proton 
bearing Br or Cl 
CH
2
 protons  
bearing Br or Cl 
CH3 attached to  
halogenated carbon 
Olefins with terminal 
vinyl Cl or Br 
Cl or Br Methine 
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Table  β.1.1. 1D NMR data for 1 (black) and 2 (blue) in CDCl3 versus published values.
17
  
 C H (m, J, Hz) H (m, J, Hz) 
Pos Stierle 2 Stierle 2 Stierle 1 
1 122.6 122.7 6.44 (d, 13) 6.44 (d, 13) 6.42 (d, 13) 6.41 (d, 13) 
2 134.8 134.9 6.15 (d, 13) 6.17 (d, 13) 6.16 (d, 13) 6.20 (d, 13) 
3 70.2 70.2 - - - - 
4 67.4 67.4 4.48 (dd, 6, 1) 4.49 (d, 8) 4.47 (dd, 7, 2) 4.48 (d, 7) 
5 130.3 130.4 6.12 (dd,16, 
not listed) 
6.16 (dd,16, 
8) 
5.99 (dd, 16,  
not listed) 
5.99 (dd, 16, 
7) 
6 133.5 133.5 6.05 (d, 16) 6.08 (d, 16) 5.93 (d, 16) 5.94 (d, 16) 
7 68.8 68.9 - - - - 
8 37.3 37.3 3.95 (bs) 3.98 (d, 12) 
3.94 (d, 12) 
3.70 (s) 3.71 (s) 
9 49.7 49.7 3.83 (bs) 3.84 (d, 11) 
3.81 (d, 11) 
1.84 (s) 1.85 (s) 
10 25.4 25.3 1.75 (s) 1.77 (s) 1.76 (s) 1.77 (s) 
1
H NMR experiments at 500 MHz, recorded in ppm (integration, multiplicity, J-coupling in Hz); 
13
C NMR experiments at 125 MHz, recorded in ppm. See Appendix A for spectra. 
  
Since many of these compounds are known, if separation was extremely difficult, 
comparison of mixtures via NMR spectroscopy or MS were attempted. For example, compounds 
3 and 4 from Figure β.1.6 were unable to be separated as well as their stereoisomers also present 
in the mixture (Figure β.1.14); however, a substantial difference in relative abundance between 
these and 2 made it possible to solve the 2D structures. Metabolites 2, 3, and 4 were recognized 
as nearly identical structures to each other via the NMR spectrum containing the mixture of all 
three (Figure β.1.12), where the major peaks correspond to 2 and the minor peaks belong to 3, 4, 
and possible diastereomers. However, the minor peaks are further downfield for H-1 and H-2 (H 
6.57 and 6.42) as well as H-4 (H 4.61; Figure β.1.16), and observations in the EI mass spectrum 
via the GC/MS-QToF verified a difference in halogenation via the mass fragmentation patterns 
(Figure β.1.15). Base peaks in a cluster at m/z 123, 125, 127 are indicative of the ion fragment 
27 
 
[C4H5Cl2]
+
, and m/z 167, 169, 171 is characteristic of ion fragment [C4H5BrCl]
+
, therefore it was 
determined that the only difference between 2 and 3 or 4 was the change in halogenation at C-1 
and C-4 from a chlorine to a bromine.
17
 Another common peak can be seen in all of the mass 
spectra at m/z 91, which is representative of ion fragment [C4H6Cl]
+
. The 2D structure of 3 was 
confirmed via spectral comparison to oregonene A.
31
 Compound 4 was later discovered to be 
absent in the EI spectrum unlike originally thought and actually shows up a few minutes later in 
the chromatogram. It is better ionized in NCI and has much less UV activity than the other more 
purified polyhalogenated monoterpenes. This explains the difficulty in isolating the compound 
via GC/MS or UV guided fractionation. These findings are very recent and experiments are 
ongoing via my predecessor on the project, AJS. Each of these structures have since been 
purified and isolated, and the data will hopefully be published soon. 
 
Figure β.1.14. GC/MS-QToF [EI] chromatograms showing HPLC fractions from MPLC fraction 
D containing the major metabolites 1-4 from Figure β.1.6.  
1 
2 
3, 4 
28 
 
 
Figure β.1.15. GC/MS-QToF [EI] mass spectral data verifying the base peak fragmentation 
patterns of compounds 2 and 3. Circled are common fragment ions m/z 91, 123, and 169. 
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Figure β.1.16. Zoom (4.4 – 6.6 ppm) of 1H NMR spectrum for compounds 2-4. 
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Other polyhalogenated monoterpenes that have yet to be identified in the metabolomics 
work were also isolated. These compounds match those published by Knott et al. (Figure β.1.17; 
Table β.1.2) with proposed derivatives;32 however, the publication did not report any 
stereochemical assignments, but rather a mixture of inseparable isomers. The proposed structure 
of 6 is due to a nearly identical 
1
H NMR spectrum to plocoralide A with variability of the 
multiplet at H2-8. The published multiplet at H2-8 for plocoralide A (5) is a singlet (H 3.93) due 
to being neither diastereotopic nor having neighboring hydrogens. This compound was also 
isolated and the 
1
H NMR spectrum shown in Figure β.1.18. On the contrary, the multiplet 
observed for 6 were distinct and sharp doublets straddling H 3.93 similar to that seen for H2-8 in 
compounds 1-4 (Figure β.1.19), which are neighboring a chiral center. The non-first order 
coupling splits these doublets to perfectly overlap where the singlet would be in 5 with minor 
changes to the rest of the spectrum, therefore it was hypothesized that the electron environment 
had changed for H2-8. A 1D NOE experiment verified the proposed Z-isomer of 5, compound 6, 
by revealing a correlation between the vinyl methyl substituent H3-9 (H 1.88) and the olefinic 
methine at H-6 (H 5.27) upon irradiation of H-6. This does not explain the observed spin 
systems and puts in to question the proposed structure of plocoralide A (5); however, the best 
structure deducable from the given pulication is shown as 6. Plocoralide B (7) was isolated as a 
mixture of isomers that matched the shifts presented in the same publication by Knott et al.
32 
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Figure β.1.17. Structures published by Knott et al.32 (5, 7) and the new proposed structure based 
on literature (6) with 1D NOE correlation (blue arrow) for Z isomer. 
 
 
Table  β.1.2. 1D NMR data for 5-7 in CDCl3 versus those published by Knott et al.
32
  
 H (m, J, Hz) C 
Pos Knott 5 6 Knott 7: Isomers 
1 6.35 (d, 9.4) 6.36 (d) 6.37 (d, 9.3) 66.5 66.5 63.2 
2 5.93 (d, 9.4) 5.93 (d) 5.94 (d, 9.3) 128.6 128.5 128.8 
3 - - - 137.4 137.4 137.0 
4 4.41 (t, 7.6) 4.41 (t) 4.45 (t, 7.6) 55.9 56.0 54.3 
5 2.75 (ddd,  
15.2, 7.6, 6.8) 
2.63 (ddd, 
15.2, 7.6, 6.8) 
2.75 (ddd, 
15.5, 7.8 x 2) 
2.65 (ddd, 
15.5, 7.8 x 2) 
2.78 (ddd, 
15.5, 7.8 x 2) 
2.67 (ddd, 
15.5, 7.8 x 2) 
43.1 43.0 42.7 
6 5.48 (t, 6.8) 5.48 (t, 7) 5.27 (t, 7.2) 56.0 56.0 54.4 
7 - - - 143.5 143.4 142.3 
8 3.93 (s) 3.94 (s)  3.89 (d, 10.2) 
3.97(d, 10.2) 
115.2 115.2 115.8 
9 1.78 (s) 1.79 (s) 1.88 (s) 18.3 18.3 16.8 
10 1.88 (s) 1.87 (s) 1.86 (s) 13.2 13.2 12.8 
1
H NMR experiments at 500 MHz, recorded in ppm (integration, multiplicity, J-coupling in Hz); 
13
C NMR experiments at 125 MHz, recorded in ppm. See Appendix A for spectra. 
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Figure β.1.18. 1H NMR spectrum of 5 in CDCl3, 500 MHz. 
 
1d1h_pw90_T1.esp
Chemical Shift (ppm)7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
A
b
so
lu
te
 I
n
te
n
si
ty
0
0.05
0.10
0.15
0.20
Water
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
8
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
6
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.9
0
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
3
.8
8
 
Figure β.1.19. 1H NMR spectrum of 6 in CDCl3, 500 MHz. 
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There is still much work to be done on this long term chemical ecology project. These 
scaffolds often lack enough hydrogens to render ROESY or NOESY through space correlations 
useful, and crystallization of the oils has yet to be accomplished. It should also be noted that 
purification is greatly aided by HPLC instrumentation equipped with ELSD and 1-chlorobutane 
as a starting solvent rather than pentane. Purification and solidification of the stereochemistry 
will require future techniques performed by my successors on the project. The hope for this 
project is to find which compounds are possible attractants or deterrents to P. fissicauda via 
feeding studies on pure compounds, in addition to which might be contributing to a site specific 
relationship between a simple alga and an amphipod with complex and toxic chemical 
communications. 
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CHAPTER 2: Deep Water Coral Chemistry (Gorp with potential) 
 
Figure β.2.1. “Gorgonida – Rindenkorallen”. Illustration and Lithography of Octocorallia from 
Kunstformen der Natur by Ernst Haeckel and Adolf Giltsch, 1904. 
 
Note to Reader 
 Portions of this chapter have been previously published in Organic Letters, 2014, 16: 
2630-2633, and have been reproduced with permission from American Chemical Society 
Publications.  
 
2.1.  Terpene metabolites in octocorals and their pharmaceutical significance 
 As opposed to the monoterpenes mentioned in Chapter 1 that are often in found in red 
algal species, soft corals produce a larger abundance of sesqui-, di-, and higher terpenes. In fact, 
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volatile sesquiterpenes responsible for the distinct odor of many octocoral species were what first 
enticed chemists in 1960 to study the terpenoid constituents of gorgonian corals.
1
 The terpenoid 
chemistry of octocorals resembles that of terrestrial plants, giving a new outlook to the concept 
that coral reefs are the forests of the ocean. With that in mind, competition for space on a coral 
reef is similar to that of buying property on Oahu, Hawaii as opposed to somewhere like Buford, 
Wyoming. As a result, many of these terpenes and terpenoids have allelopathic affects against 
other coral species and algae in addition to the more common feeding deterrent properties.
2 
The 
fascinating relationships documented between various algal species and alcyonacean soft corals 
describe chemical warfare largely comprised of monoterpenes produced by the algae similar to 
those described in chapter 1 and diterpenes produced by the coral similar to those described later 
in chapter 2.
3-5
 Unfortunately, these compounds are also shown to bleach and hinder growth of 
scleractinian or hard corals responsible for building up our coral reefs, and their advantage over 
reef building corals will continue as ocean water temperature rise.
6-9
 
As described, secondary metabolites produced are often specialized to target specific 
organisms and species (i.e. microbial species that cause fouling),
10
 and some of this chemistry is 
useful for fighting human pathogens of a similar nature. Investigating the chemical ecology of 
octocorals in the marine environment has exposed molecules which affect the chemical ecology 
of Homo sapiens, and therefore make promising drug candidates. Of the described bioactivities 
associated with cnidarian chemistry in the past decade, 41% have demonstrated antitumor, 24% 
antimicrobial, 22% anti-inflammatory, 10% antifoulant, 2% nervous system, and 1% antiulcer 
activity.
11
 This has led to new discoveries of marine derived therapeutics to fight burdens of 
human health and well-being such as discomfort and pain (Prialt®), cancer (Yondelis®), and 
viral pathogens (Carragelose®).
12
 Of the marine organisms researched to date, the large majority 
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of bioactive molecules originate from sponges, corals, and algae.
13
 Corals in particular expel a 
wide range of terpene secondary metabolites, and approximately 80% of this chemistry is solely 
produced by octocorals (subclass Octocorallia).
14
 Terpenes are the most abundant natural 
products in the world with broad activities ecologically and medicinally,
15,16
 so naturally the 
chemical investigations of deep water corals should begin with terpenes in mind. Some of the 
terpene secondary metabolites, or more specifically diterpenes, produced by octocorals that were 
known as anti-inflammatory or anti-cancer agents are the pseudopterosins,
17
 sarcodictyin A,
18
 
and eleutherobin,
19
 (Figure β.2.2). These were isolated from their namesakes and coral genera 
Pseudopterogorgia, Sarcodictyon, and Eleutherobia. 
 
Figure β.2.2. Natural product therapeutics produced by soft corals. 
 
Although many soft coral species have been chemically investigated, all of the 
metabolites shown in Figure β.2.1 are from tropical coral specimens, and many of the 
documented natural products from cnidarians are also from low latitudinal collection sites. Few 
studies have analyzed the secondary metabolites exuded by high latitude or polar coral 
specimens.
20,21,22
 This is surprising when historically speaking, some of the first animals 
chemically studied from the marine environment were cnidarians from the North Sea.
23
 A few of 
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the sesqui- and diterpenes isolated from cold-water octocorals collected at higher latitudes 
include the ainigmaptilones,
24
 alcyopterosins,
25
 arboxeniolide-1,
26
 plumarellide,
27
 and the 
shagenes, which are described later (Figure β.2.3).28 
 
Figure β.2.3. Secondary metabolites isolated from high latitude collections of soft corals. 
 
2.2.  The significance of malaria and neglected tropical diseases 
 The natural products in Figure β.2.2 target inflammation and cancer, as do many other 
isolated coral compounds. Research funding for first world problems such as these is typically 
much greater than that for diseases devastating third world countries such as those in southeast 
Asia, Africa, and Central and South America. As a sign of advancement, the expansion of 
publicity and research being done on malaria parasites has caused funding agencies such as the 
Bill and Melinda Gates Foundation to play a major role in decreasing malaria incidents globally 
by 37% between 2000 and 2015.
29
 However, resistance is an ongoing issue much like bacterial 
resistance to antibiotics, and contrary to what some news titles may imply (i.e. “Malaria: 
resistance nailed” by Christopher Plowe),30 three of the five known human malaria parasites have 
already shown drug resistance and should not be underestimated.
31-33
 WHO estimates that half of 
the world’s population is at risk of contracting malaria, and despite the efforts of many, the 
incidence of malaria is still closely tied to poverty stricken areas. Therefore, for the purposes of 
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this dissertation, its impact will be described in relation with that of neglected and tropical 
diseases. 
 In 2010, neglected and tropical diseases not including malaria were responsible for 711 
million people around the world requiring medical treatment.
34 
Our lab works closely with 
collaborators in Dr. Dennis Kyle’s lab on finding natural products to combat both the malaria 
inducing parasite, Plasmodium falciparum, and visceral leishmaniasis caused by the parasite 
Leishmania donovani. Leishmaniasis has three forms of the disease; however, visceral 
leishmaniasis (sometimes referred to as kala-azar) is the most dangerous, and it kills 20,000 to 
30,000 people annually. Leishmaniasis is spread by infected sandflies and burdens the poorest, 
and often most malnourished people on the planet, where urbanization and deforestation increase 
the incidence of disease.
35 
The malaria and leishmaniasis biological assays performed in the Kyle 
Lab largely follow the protocols described by Desjardins et al. and Siqueira-Neto et al.
28,36-38 
It is 
obvious based on the 2015 Nobel Prize in Medicine that natural products play a profound role in 
the treatment of malaria and other parasitic diseases.
39,40
 Here I describe the discovery of a new 
sesquiterpene from an undescribed Antarctic octocoral with selective antiparasitic activity.
28
 
Shagenes A was found to have low micromolar activity against P. falciparum (6 M) and the 
infected macrophage form of L. donovani (5 M) with low cytotoxicity against J774.A1 
mammalian cells (345 M). Shagene A  as well as the ,β-unsaturated ketone derivative, 
shagene B, were also tested against a suite of bacterial pathogens, cancer cell lines, tau protein, 
and heat shock protein (HSP)-70 promoters, and were found to have limited to no activity. 
Shagene B also lacked the antiparasitic activity exuded by shagene A, providing insight into the 
necessity of the methoxy substituent at C-8. This is in agreement with the trends found with the 
40 
 
diterpenoid membranolides from the Antarctic sponge Dendrilla membranosa mentioned in the 
results and discussion of chapter 3 and could help in MOA studies.
41,42 
 
Figure β.2.4. Chemical structures of new sesquiterpenoids, shagenes A and B. 
 
2.3.  Isolation and structure elucidation of (-) cembrene A, shagene A and shagene B 
 In addition to the new compounds 1 and 2 (Figure β.2.4), known diterpene, (-)-cembrene 
A
43
 was also isolated in large quantities from both the unknown coral species and Briareopsis 
aegeon (Figure β.2.5). The protocols followed for the unknown octocoral NBP11-10 were 
identical to those of NBP13-19, Briareopsis aegeon, because originally these two species were 
believed to be the same (Scheme β.2.1). However, upon further analyses and genetics done by 
our collaborator at the Western Australian Museum, Dr. Nerida Wilson, they are different 
species, and probably different genera. 
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Figure β.2.5. Images of unknown octocoral species NBP11-10 and Briareopsis aegeon (NBP13-
19). Photo credit: J. Cuce (left; 2011) and B. J. Baker (right; 2013). 
 
 
Scheme β.2.1. Extraction scheme for NBP11-10 and NBP13-19, Briareopsis aegeon. 
  
Unknown NBP11-10 and Briareopsis aegeon 
[ 306.8 g and 452.1 g dry weights] 
Organic (CH
2
Cl
2
) Soxhlet Crude Extract 
[8.7 g and 30.5 g] 
NP MPLC:  (Hexanes  Ethyl Acetate  Methanol) 
C D A B E F G H 
(-)-cembrene-A [> 4 mg] and in the unknown coral 
only: shagenes A [27 mg] and B [1.5 mg] 
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The bright yellow and highly branched octocoral NBP11-10 was collected during austral 
spring 2011 at depths of approximately 180 m via trawling. The location sampled was the 
sesquiterpenes namesake, Shag Rocks, which are a series of small islands along the Scotia Arc 
(S53 26’ 16.10”, W42 02’ 15.52”). Specimens were frozen immediately due to noticeable 
oxidation of the yellow pigment. Once freeze-dried, the coral was processed with a Soxhlet 
extractor with refluxing CH2Cl2. This crude extract was mounted on silica gel and subsequently 
fractionated by normal-phase MPLC (see Appendix B for chromatograms). Further purification 
of the nonpolar portion eluting in EtOAc-n-hexane (1:1; fraction E) was accomplished by HPLC 
equipped with UV and ELS detection. The more lipophilic colorless oil shagene A (1) (27 mg, 
0.009% dry wt) was collected as the major component of the mixture with shagene B (2) (2 mg 
colorless oil, 0.0007% dry wt) considerably less abundant.  
 The 
1
H NMR spectra of shagenes A (1), [α]26D -0.9, and B (2), [α]
26
D +0.2, displayed 
characteristic peaks indicative of smaller cyclic terpenes with 16 proton signals largely 
composed of single proton integrations, multiple downfield olefinic protons, and methyl 
substituents. The 
13
C NMR spectrum of 1 showed 18 carbon signals including five downfield 
signals of four olefinic carbons and the carbonyl carbon of the acetyl group (δC 170.9). As 
represented in Table β.2.1, the spectra display functionality indicative of one acetate methyl (δH 
2.09), one methoxy group (δH 3.34), one olefinic methylene (δH 5.05, 5.20), one trisubstituted 
olefin (δH 5.60), three vinyl or aliphatic methyl groups, six sp
3
 methines, one sp
3
 methylene, and 
two olefinic quaternary carbons. HREIMS of 1 provided the molecular formula C18H26O3 (m/z 
calcd 290.1882, found m/z 290.1878) demonstrating six degrees of unsaturation and providing 
validation for the hypothesized 15 carbon skeleton of a tricyclic sesquiterpene bearing a 
quaternary carbon at the junction of all three rings. Further verification of this scaffold and 
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relative stereochemistry were accomplished via 2D NMR experiments (COSY, gHMQC, 
gHMBCAD, and ROESY; Figure β.2.6 and Appendix B). 
 
Table β.2.1. 1D and 2D NMR data for shagenes A (1) and B (2) in CDCl3.  
 Shagene A (1) Shagene B (2) 
Pos C H (m, J (Hz)) HMBC
c 
C H (m, J (Hz)) HMBC
c 
1 33.2 1.19 (1H, m) 2, 8, 9, 14 32.2 1.42 (1H, m) 2, 8, 9, 14 
2 35.7 1.25 (1H, q, 11.8) 
 
1.65 (1H, m) 
1, 3, 4, 9, 
14 
1, 3, 4, 9, 
14 
36.4 1.35 (1H, q, 11.8) 
 
1.68 (1H, ddd, 
11.8, 6.0, 2.0) 
1, 3, 4, 9, 
14 
1, 3, 4, 9, 
14 
3 72.2 5.34 (1H, dt, 11.7, 
6.4) 
2, 4, 10, 16 71.4 5.33 (1H, m) 2, 4, 10, 16 
4 22.6 1.65 (1H, m) 2, 5, 6, 10, 
11 
25.5 2.03 (1H, d, 6.1) 2, 3, 5, 6, 
9, 10, 11 
5 41.9   40.2   
6 147.3   178.0   
7 123.2 5.60 (1H, m) 5, 6, 8, 9, 
15 
129.7 5.94 (1H, m) 5, 6, 8, 9, 
15 
8 88.6 4.09 (1H, d, 0.6) 1, 5, 6, 7, 
18 
208.5   
9 48.4 1.48 (1H, m) 1, 2, 5, 8, 
10, 14 
49.0 1.89 (1H, d, 10.9) 1, 2, 5, 6, 
8, 10, 14 
10 31.5 1.78 (1H, br s) 3, 4, 5, 6, 9 33.1 2.06 (1H, br s) 4, 5, 6, 9, 
11, 12 
11 140.6   139.4   
12 115.9 5.05 (1H, q, 1.6) 
5.20 (1H, br s) 
10, 13 
10, 11,13 
116.9 5.11 (1H, q, 1.6) 
5.20 (1H, br s) 
10, 13 
10, 11, 13 
13 24.1 1.77 (3H, s) 10, 11, 12 24.1 1.76 (3H, s) 10, 11,12 
14 19.5 1.01 (3H, d, 6.4) 1, 2, 3, 9 19.3 1.23 (3H, d, 6.1) 1, 2, 3, 9 
15 11.6 1.49 (3H, t, 1.2) 5, 6, 7 13.2 1.84 (3H, d, 1.2) 5, 6, 7 
16 170.9   170.8   
17 21.6 2.09 (3H, s) 3, 16 21.5 2.11 (3H, s) 3, 16 
18 55.6 3.34 (3H, s) 8    
a
 
1
H NMR experiments at 500 MHz, recorded in ppm [integration, multiplicity, J-coupling in 
Hz]; 
b
 
13
C NMR experiments at 125 MHz, recorded in ppm; 
c
 HMBC performed as gHMBCAD 
and recorded as position of carbons. 
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Figure β.2.6: Left: Key COSY (bolded lines), HMBC (black arrows) and ROESY (blue arrows) 
correlations of shagene A (1). 
 
One-bond correlations from the HMQC experiment for 1 confirmed the olefinic 
methylene protons at C-12 (δC 115.9) and the quaternary nature of carbons C-5 and C-11 (δC 
41.9, 140.6). Shared HMBC correlations (Figure β.2.6; left) of the two protons at C-12 and H3-
13 (δH 5.05, 5.20, and 1.77) with C-10 (δC 31.5) and C-11 provided proof of the isopropenyl 
attachment to the cyclopropane at C-10. Placement of C-5 as a bridgehead carbon for this 
cyclopropane, the cyclohexane and cyclopentene fused rings, is verified by HMBC correlations 
with H-4, H-7, H-8, H-9, H-10, and H3-15. Chemical shifts for C-4 (δC 22.6), C-5, and C-10 of 
shagene A are similar to those reported for the cyclopropane ring of the tricyclic skeleton 
comprising tamariscene (δC 30.1, δC 34.2, δC 33.6)
44
 with the added functionality of shagene A 
accounting for shift variance. Connectivity of the cyclopentene moiety can be completed on the 
basis of COSY coupling of the olefinic proton H-7 (δH 5.60) with vinyl methyl protons H3-15 (δH 
1.49) and the oxygen-bearing methine H-8 (δH 4.09). HMBC coupling of the methoxy protons 
with the oxygen bearing methine at C-8 verifies their connectivity. Further analysis of the 2D 
COSY spectrum shows H-1 (δH 1.19) to be vicinal to H-9 (δH 1.48), the methyl protons at H3-14 
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(δH 1.01), and the diastereotopic methylene protons at H-2 (δH 1.25, δH 1.65). The acetate methyl 
protons provided HMBC correlations to the carbonyl C-16 (δC 170.9) and C-3 (δC 72.2) of the 
cyclohexane ring. COSY coupling of H-3 (δH 5.34) with neighboring methylene protons H-2 and 
methine H-4 (δH 1.65) confirms a large portion of the cyclohexane ring. HMBC correlations of 
H-4 with C-2, C-5, C-6, C-10, and C-11 provide the evidence of a third bridgehead carbon, this 
time between the cyclohexane and cyclopropane rings to complete the connectivity of the overall 
scaffold.  
Relative stereochemistry of shagene A (1) was deducible upon analysis of strong, 
unanticipated ROESY correlations (Figure β.2.6; right) between the exocyclic methylene protons 
on C-12 with the cyclopentane and cyclohexane bridgehead H-9, a methylene proton at C-2, and 
the methyl protons of the acetate. This places the isopropenyl group in the periphery of the 
acetate and methyl substituents of the cyclohexane ring essentially blocking that face of the 
molecule. Spatial placement of the methyl substituent at C-1 is a result of correlations between 
H3-14 with H-9, and ROESY correlations between H-1 and H-8 place the methoxy group on the 
same face as H-9. Additional support for the β-methoxy is provided by conformational analysis 
of the H-9 coupling constants. Energy-minimized conformation of the α-methoxy configuration 
requires a large 
3
JHH coupling between H-8 and H-9 due to a nearly eclipsed conformation. On 
the other hand, the β-methoxy displays a roughly 118° dihedral angle resulting in a small JH8,H9. 
The observed JH8,H9 of 1.5 Hz indicates a β-methoxy substituent at C-8. H3-18 and H3-13 show 
weak ROESY correlation. It should be noted that during prolonged 1D NOE studies in 
deuterated chloroform the structure of shagene A was compromised. Long term storage in 
solvents with the potential to have slight acidities such as chloroform or methanol (and 
potentially other solvents not tested) may react with shagene A. The proton NMR spectrum of 
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the “degradation” product can be found in Appendix B. A dramatic downfield shift of H3-18 and 
H-8, the absence of a signal at H-7 (δH 5.60), and the appearance of three signals at δH 2.17, δH 
4.68, and δH 6.30 are the most obvious transformations. This would most likely occur from a 
reaction taking place at the olefin between C-6 and C-7; however, the final structure of this 
molecule has not been determined. Surprisingly, the cyclopropane ring and exocyclic methylene 
remain unscathed. 
The obvious difference in the 
1
H NMR spectra between compounds 1 and 2 was the 
absence of the proton signals associated with the methoxy functionality at δH 3.34 ppm and its 
oxymethine at δH 4.09 as well as the downfield shift of multiple proton signals surrounding C-8. 
A carbon shift in 2, but absent in 1 was observed at δC 208.5, establishing the oxidized α,β-
unsaturated ketone moiety of 2. The presence of a carbonyl at C-8 was further verified by the 
absence of H-8 COSY correlations with H-9 and H-7. Evidence of a conjugated ketone was 
indicated by absorbance at a wavelength of 257 nm in the UV spectrum and the extra carbonyl 
stretch on IR (1696 cm
−1
). HREIMS of 2 revealed an expected mass similar to 1 save one carbon 
and four protons (m/z calcd 274.1569, found 274.1569) providing the molecular formula 
C17H22O3. Validation of 2 having the same connectivity and stereochemistry as 1 is shown in the 
2D NMR experiments (COSY, HSQC, HMBC, and ROESY).  
The proposed biosynthetic pathway to 1 and 2 is shown in Scheme β.2.2. Structural 
similarities to biosynthetic intermediates displayed in the biosynthesis of valerenic acid makes 
these molecules likely to undergo cyclization through a caryophyllene intermediate (3) via 
copalyl diphosphate synthase (CPS).
45
 Alternative pathways have been suggested with a 
concerted three-ring cyclization step; however, this would produce an undesirable 
stereochemical outcome. 
47 
 
 
Scheme β.2.2. Proposed biosynthetic pathway for shagenes A and B. 
 
 Isolation and structure elucidation for known compound (-) cembrene A (4) was 
accomplished using the same extraction scheme as shagenes A and B; however, the cembrene 
diterpenes were found in the most non-polar fraction A of the MPLC separations. Only (-) 
cembrene A was able to be purified from the mixture using a nearly isocratic NP n-hexanes 
gradient on an analytical silica gel column. Non-functionalized or “simple” cembrane diterpenes 
were originally discovered from pine trees in the 1950’s 43 and have since been isolated from 
many plant and soft coral species. This will be further discussed in the following section. 
Spectroscopic data supporting (-) cembrene A as well as the structure elucidation of shagenes A 
and B can be found in Appendix B. Specific rotation of isolated (-) cembrene A matched 
published values and confirmed the stereochemical assignment. 
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2.4.  Coral toxins and Plumarella 
The subclass Octocorallia falls under the phylum Cnidaria, which houses many of the 
most toxic marine species on the planet such as box jellyfish and the Portuguese Man o’ War. 
The neurotoxins produced by these organisms are used to paralyze vertebrate prey, and much 
like toxic jellyfish and sea anemone species, octocorals have been shown to produce potent 
neurotoxins. The most potent of the soft coral secondary metabolites in both marine chemical 
ecology and human chemical ecology other than the well-studied cnidarian peptide neurotoxins 
are related to cembrane diterpenes such as (-) cembrene A (4) identified in the preceding section. 
Highly oxygenated versions of these molecules are responsible for protecting coral eggs during 
annual spawning events, antifouling from microbes and algae,
4,46,47
 ichthyotoxicity,
48
 and 
potentially the destruction of hard corals in coral reefs
49
.   
Specifically, the oxidized furanocembranoid diterpenes exhibit potent toxicity, especially 
the neurotoxin lophotoxin. Lophotoxin is known to have activity comparable to -bungarotoxin 
toxin from snake venom, which targets the nicotinic acetylcholine receptors in the brain and 
irreversibly binds through covalent bonds formed with the protein.
50
 Similar structures to 
lophotoxin have been isolated such as pukalide,
51
 leptolide,
52
 and bipinnatin B
53
 (Figure β.2.7) 
and most derivatives of these three molecules exhibit either aldehyde or methyl ester 
functionality at C-4 with varying numbers of acetate or epoxide substituents throughout the 
molecule.
54
 It has been proposed that the pharmacophore responsible for this toxicity is the C7-
C8 epoxide and γ-lactone moiety due to its resemblance to the acetylcholine confirmation 
(Figure β.2.8).50  Despite their toxicity, many cembranoid natural products from cnidarians have 
showed promising anticancer and neuroprotective activites.
55
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Figure β.2.7. Structures of (-) cembrene A (4), lophotoxin, leptolide, and pukalide. 
 
 
Figure β.2.8. Comparison of acetylcholine (left) to the cytotoxic pharmacophore proposed by 
Abramson et al. for lophotoxin (right).
50 
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Alcyonacean corals of genera Sinularia, Sarcophyton, Pseudopterogorgia, Lophogorgia, 
and Leptogorgia produce an excess of oxidized furanocembranoids similar to the original 
compounds pukalide and lophotoxin. As a surprisingly distant cousin, Plumarella delicatissima 
isolated from nearly 1000 m in the Scotia Arc, South Georgia Islands was not expected to exhibit 
the same level of production of these specific scaffolds. The only known natural product isolated 
from the genus Plumarella was discovered in 2002 by a Stonik et al. and named plumarellide 
(8).
27 
A biosynthetic assessment shows how one might get from a common macrocyclic 
diterpene to the polycyclic plumarellide (Scheme β.2.3); however, none of these biosynthetic 
precursors were isolated by Stonik et al. 
 
 
Scheme β.2.3. Proposed biosynthetic pathway for plumarellide. Recreated from Roethle and 
Trauner (2008).
54
   
 
The specimen of Plumarella from Stonik et al. was collected in the northwestern Pacific 
Ocean near the Kuril Islands at an unknown depth, and as a cold water organism from the same 
genus, it was expected to be similar to P. delicatissima we collected in Antarctica. On the 
contrary, we have uncovered the known pukalide aldehyde as well as a suite of new 
furanocembranoid diterpenes dubbed the keikipukalides, which are almost identical to those 
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isolated from genera other than Plumarella. The nomenclature used for these compounds comes 
from the original compound discovered in 1975, pukalide, which was found by my academic 
grandfather, Paul Scheuer in Hawai’i.51 As derivatives or “children” of pukalide, it seemed 
fitting to use the prefix for children in Hawaiian, keiki. The biosynthetic origin of these 
compounds is curious, since nearly all similar macrocyclic scaffolds have been secondary 
metabolites produced by octocorals from the families Alcyoniidae or Gorgoniidae. Plumarella is 
from a completely separate suborder, Calcaxonia, let alone family, Primnoidae. Further 
investigations into the origin of these metabolites to possibly define a pattern between this and 
other coral genera could give chemotaxonomic or evolutionary insight into octocoral species 
around the globe.  
 
2.5.  Isolation and structure elucidation of pukalide aldehyde and keikipukalides A-D 
 P. delicatissima (Figure β.2.9) is a delicate feather-like coral which was collected 
at the Plateau of Fascination (S 50 8.453’ W 55 28.106’) during the austral autumn in late 
April 2013. It was one of the most abundant invertebrates present during the trawls throughout 
the Scotia Arc, South Georgia, and sadly much of it was tossed overboard. The specimens that 
were kept were collected from 800-950 m below sea level and kept for chemical analyses after 
being frozen immediately on board the Nathanial B. Palmer. Once back in the United States, they 
were freeze-dried and processed with a Soxhlet extractor via refluxing CH2Cl2. The extract was a 
bright tannish orange and strikingly similar to Orange Tang by Kraft Foods Group, Inc. The 
NMR spectrum collected of the crude extract looked promising upon immediate inspection, 
therefore the crude was mounted on silica gel and subsequently fractionated by normal-phase 
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MPLC with UV and ELSD. Further purification was guided by the NMR spectra collected for 
each MPLC fraction. The nonpolar fractions E-H eluting from EtOAc-n-hexane (1:1) to EtOAc- 
n-hexane (8:1) were determined to have the best NMR signatures for diterpene metabolites. 
Fractions F and G were in high abundance, so they were selected first for separation using NP 
and RP HPLC with UV and ELS detection (Scheme β.2.4). Normal phase semi-preparative 
HPLC was used for initial purification. Pure compounds were then collected via RP 
chromatography using a step gradient with a quick increase from H2O-ACN (19:1) to H2O-ACN 
(3:2) and an extended gradient of 45 minutes up to H2O-ACN (1:4). 
 
Scheme β.2.4. Extraction scheme for NBP13-69, Plumarella delicatissima. Highlighted in red 
are Fractions F and G containing pukalide aldehyde, keikipukalides A-D, and other similar 
dervatives. Highlighted in blue are Fractions E and H, which based on their NMR spectra, 
contain further diterpenes (Appendix B). 
Plumarella delicatissima 
[435.2 g dry weight] 
Organic (CH
2
Cl
2
) Layer 
[10.8 g] 
NP MPLC:  (Hexanes  Ethyl Acetate  Methanol) 
C D 
1) CH
2
Cl
2
 Soxhlet Extraction 
2) CH
2
Cl
2
:H
2
O Partition 
A B E F G H I J K 
Keikipukalides A [12 mg], B [5 mg], C [3 mg],  
D [18 mg], and pukalide aldehyde [4 mg] 
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Figure β.2.9. Photograph of Plumarella delicatissima. Photo credit: Bill Baker (2013). 
 
The first round of separations for fraction F and G were done on a semi-preparative silica 
column using normal phase solvents on an HPLC with UV and ELS detection capabilites. The 
separation started in n-hexanes and was increased to EtOAc-n-hexanes (3:1) over a 50 minute 
gradient. Keikipukalides A, [α]24D -104.0, and C, [α]
24
D -38.7, were observed in fraction F as the 
most abundant compounds in the mixture with high UV activity at 260, 280, and 320 nm. 
Keikipukalides B, [α]24D -32.7, D, [α]
24
D +64.8, and pukalide aldehyde were in the slightly more 
polar fraction G, where keikipukalide D was the most abundant compound with UV activity 
comparable to keikipukalides A and C. All of the isolated furanocembranoid diterpenes crashed 
readily out of solution upon drying under nitrogen as either clear or white crystals. Only 
keikipukalides A and B were pure upon this initial separation, and the others were further 
purified using RP HPLC in water and acetonitrile. Upon purification, keikipukalides A (5) (12 
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mg), B (6) (5 mg), C (7) (3 mg), D (18 mg), and pukalide aldehyde (8) (4 mg) (Figure β.2.10) 
were further analyzed using NMR spectroscopy and mass spectrometry.  
 
Figure β.2.10. Structures of keikipukalides A-C (5-7) and pukalide aldehyde (8). 
 
The 
1
H NMR spectra for all five molecules was indicative of a sesqui- or diterpene 
moiety similar to shagenes A and B (Table β.2.1). Initial database searches were little help due to 
the rarity of the free aldehyde at C-18 coexisting with the acetoxy substituents at C-11 or C-14, 
since the C-18 aldehyde is often replaced with a methyl ester substituent. Upon partial structure 
elucidation, lophotoxin and leptolide were identified in the literature as similar scaffolds, 
therefore further elucidation was done via comparison to the known coral toxins (Figure β.2.7). 
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A few of the signals that were consistent in all of the keikipukalides are the most obvious 
downfield shift of the aldehyde proton, H-18 (H 9.86-9.90), an olefinic methine (H 6.44-6.46), 
an olefinic methylene (H 4.34-4.96), one oxymethine (H 4.06-5.65), one vinyl methine (H 
3.01-3.45), one vinyl methylene (H 3.12-4.42), one aliphatic methylene (H 1.97-2.61), one vinyl 
methyl (H 1.68-1.82), and one aliphatic methyl (H 1.17-1.21). Keikipukalide A is nearly 
identical to lophotoxin and leptolide (Figure β.2.7) with the exception of one degree of 
unsaturation between C-13 (H 5.11; C 115.6) and C-14 (H 7.39; C 145.8). The dramatic 
downfield shift of H-14 is due to the close proximity of H-14 to the carbonyl oxygen of the γ-
lactone, which was confirmed in the crystal structure discussed below. Keikipukalide C (7) was 
recognized as being the C-18 aldehyde derivative of compound 6 in Bowden et al.,
56
 and 
keikipukalide B (6) is simply the C-14 acetoxy derivative of 7. The additional acetyl 
functionality of 6, is confirmed by the extra signal in the 
1
H NMR spectrum at H3-24 (H 2.11) 
and the deshielding of H-14 (H 6.97). The 
13
C NMR spectrum and HMQC confirm these results 
with additional peaks and correlations to these protons at C-14 (C 70.6) and C-24 (C 21.2). The 
C-18 methyl ester of 6 has also been isolated, and the 
1
H NMR spectrum can be found in 
Appendix B. The most abundant compound produced by P. delicatissima of this scaffold with 
possibly 100 mg (30 mg isolated to date) is keikipukalide D (structure not solved); however, the 
most similar natural product found is compound 4 from Epifanio et al.
57
 This was deduced due to 
the absence of the C-7 and C-8 epoxide carbon shifts and the significant downfield shift of H-7 
from H  ~4 to H 5.68 and the acetoxy protons from H ~2.1 to H ~2.2. Any data collected to 
date is included in Appendix B. 
 
 
56 
 
Table β.2.2. Experimental 1H NMR data in CDCl3, 400 MHz for pukalide aldehyde (8) and 
keikipukalides A-C (5-7).  
 H (m, J, Hz) 
Pos 8 5 6 7 
1 3.65 (td, 10.4, 4.7) 3.45 (m) 3.18 (t, 4.4) 3.01 (m) 
2 2.99 (m) 
3.02 (m) 
3.29 (m) 
4.42 (m) 
3.44 (d, 4.4) 3.12 (dd, 15.7, 5.3) 
3.49 (dd, 15.7, 4.3) 
3 - - - - 
4 - - - - 
5 6.42 (s) 6.44 (s) 6.46 (s) 6.46 (s) 
6 - - - - 
7 4.10 (s) 3.98 (s) 4.03 (s) 4.02 (s) 
8 - - - - 
9 2.19 (dd, 15.0, 3.0) 
2.54 (dd, 15.0, 3.9) 
2.06 (dd, 15.6, 1.8) 
2.55 (dd, 15.6, 4.2) 
1.98 (dd, 15.3, 3.4) 
2.61 (dd, 15.3, 3.4) 
1.97 (dd, 15.2, 3.2) 
2.60 (dd, 15.2, 3.6) 
10 5.19 (bs) 4.75 (dd, 4.0, 2.7) 4.70 (t, 3.3) 4.66 (t, 3.3) 
11 7.10 (s) 4.06 (s) 5.65 (s) 5.62 (s) 
12 - - - - 
13 2.42 (m) 5.11 (dd, 16.3, 1.5) 6.55 (d, 9.1) 6.69 (dd, 11.6, 2.8) 
14 1.01 (m) 
1.83 (m) 
7.39 (dd, 16.3, 4.4) 6.97 (d, 9.1) 4.23 (dd, 17.3, 
11.6) 
15 - - - - 
16 4.97 (s) 
5.22 (s) 
4.53 (s) 
4.94 (s) 
4.34 (s) 
4.96 (s) 
4.53 (s) 
4.93 (s) 
17 1.80 (s) 1.68 (s) 1.82 (s) 1.78 (s) 
18 9.86 (s) 9.87 (s) 9.86 (s) 9.90 (s) 
19 1.03 (s) 1.21 (s) 1.17 (s) 1.20 (s) 
20 - - - - 
21 - - - - 
22 - - 2.12 (s) 2.10 (s) 
23 - - - - 
24 - - 2.11 (s) - 
Recorded in ppm [integration, multiplicity, J-coupling in Hz]. 
 
Keikipukalide A (5) as well as pukalide aldehyde (8) were able to be analyzed using X-
ray crystallography. Crystallization was possible using either ethanol/chloroform or 
acetonitrile/chloroform via slow evaporation at 4C. Clear crystals were observed for both 5 and 
8, where 8 produced longer, needle-like crystals. Absolute configuration was not possible (Flack 
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parameter ~ 0.10-0.15) due to the flexibility of the molecule and absence of large elements; 
however, the relative configuration of the crystals is shown in Figure β.2.11. Stereochemical 
assignments for 6 and 7 are under way via comparisons to the 2D NOESY correlations of 5 and 8. 
 
Figure β.2.11. Crystal structures of pukalide aldehyde (8) and keikipukalide A (5). Color 
scheme: red (oxygen); grey (carbon); white (hydrogen). 
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GAMMA: The Role of Natural Products in Modern Drug Discovery 
 
Development of a small pharmacologically relevant, diverse compound library is an 
increasingly important aspect of drug discovery. Virtual docking and other computational studies 
are beneficial for existing bottle necks with most large compound libraries, but many avenues of 
drug discovery, especially pertaining to neglected and tropical diseases, are still dependent on 
phenotypic assays where specific targets are largely unknown. This generates a necessity for 
small representative subsets such as the one we are proposing to enhance the efficiency and 
efficacy of drug discovery screening. Many of the compounds described in section Alpha are 
present in this subset as well as many other molecules isolated or modified in our lab. 
Our focus for this compound library remains on natural products despite much of the 
pharmaceutical industry’s limitations on natural products discovery over the past two decades. 
This is due to the fact that over fifty percent of new approved drugs have structural ancestry with 
a natural product, and the chemical diversity described by natural products cannot be matched.
1
 
This is not to say that natural products drug discovery is not using old techniques, or that much 
of the low hanging fruit has not been picked. This is quite apparently the case; however, with the 
technology that has blossomed in the past two decades, research groups are optimizing the 
isolation and structure elucidation of nature’s metabolome. Some of these advances are most 
profound in genome mining and biosynthetic engineering,
2
 higher sensitivity instrumentation,
3
 
proteomics,
4 
as well as the metabolomics techniques mentioned in chapter 1.
5,6 
It is beyond the 
scope of this chapter; however, advancements in microbiology provide further potential for 
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investigations of the secondary metabolome to require minute quantities of sample, especially if 
they are from a renewable resource.
7 
Optimization of the aforementioned techniques is now 
providing the world with an astronomical amount of data, which has led to advancements in 
databasing and data mining. This has inspired other academic groups as well as industry to 
attempt an accumulation of the massive amount of data available and compare it for 
interdisciplinary efforts describing natural phenomena, especially in chemical biology and 
biochemistry.
8,9 
Here, I provide a similar investigation with a focus on neglected and/or tropical 
diseases. 
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CHAPTER 3 
Our Small Natural Products Library 
 
3.1 Introduction to compound libraries and chemical space 
Topics associated with molecular diversity remain under heavy debate with varying 
conclusions on what methodologies are best to describe chemodiversity, especially when 
defining an all-encompassing chemical universe.
1
 An equally difficult concept to define is the 
biological relevance of chemical space of a given compound library when this analysis largely 
remains relative to a given data set.
1
 Despite this, many industries have focused on producing 
diverse natural product or synthetic based compound libraries for various types of screening 
studies, both theoretical and experimental.
2-4
 Although both synthetic and natural product based 
libraries exist, it is continuously documented that natural products based chemical libraries reach 
a level of diversity difficult for synthetic and combinatorial libraries to obtain.
5
 For screening 
purposes these qualifications are essential, therefore it was considered ideal to create an 
efficiently small natural product compound library which is diverse structurally and chemically 
within biologically relevant chemical space. Larger compound libraries can have inherent 
chemical diversity based on magnitude alone; however, having access to and testing all of these 
molecules against a multitude of targets can be difficult. 
Many efforts to expand our knowledge of chemical space are directed towards enhancing 
synthetic strategies for natural products synthesis or general hit-to-lead or combinatorial drug 
discovery.
6
 Beyond synthetic applications, computational modeling and theoretical predictions of 
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bioactivity are promising, but it remains common for these to require a focus on well-studied 
mechanisms of action and target proteins such as protein kinases or dopamine and cannabinoid 
receptors.
7-12
 This method has inherent limitations in the discovery of novel scaffolds acting on 
unknown mechanisms of action, where protein docking studies may be largely unavailable. In 
order to minimize this limitation, experimental studies of larger compound libraries often focus 
on high-throughput screening (HTS) for chemical entities showing biological activity in a given 
phenotypic bioassay.
2
 Although HTS efforts regularly discover biologically active molecules, 
efficacy limitations remain in availability, cost and time efficiency when analyzing thousands to 
millions of compounds. This can cause many industries to be inclined to enlist HTS studies only 
for those diseases with the highest profit margin. This produces a void in both experimental and 
theoretical studies being performed on neglected or tropical diseases such as malaria, 
leishmaniasis, dengue fever, rabies, or elephantiasis.  
Tropical parasitic diseases,
13,14
 antibiotic resistant microorganisms,
15
 and other neglected 
illnesses are some of the major threats to global human health requiring new drug therapies.
16
 
More specifically for this study, Plasmodium falciparum and Leishmania donovani were the 
target infectious diseases for proof of concept. The most commonly used antimalarial drugs 
around the world still contain the naturally derived sesquiterpene, artemisinin.
17
 Reports of P. 
falciparum resistant to artemisinin combination therapies have already been documented,
18,19
 and 
the toxic therapies used for leishmaniasis are devastating.
20
 Natural products were chosen due to 
their prevalence in literature as dominating drug discovery efforts in the last few decades because 
a majority of marketed drugs have been natural products based or at least inspired by a natural 
product scaffold.
21,22
 By combining a chemically diverse small library with reliable phenotypic 
assay data, unknown chemical scaffolds toxic to these parasites could give insight into new 
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mechanisms of action without the need to test hundreds of thousands of compounds. It would 
therefore also give insight into similar classes of compounds with activity potential. 
The biological relevance of natural products or derivatives presented in this study was 
assessed with chemical properties, predicted pharmacological parameters, and phenotypic 
cytoxicity data from P. falciparum and L. donovani biological assays. Three dimensionality was 
determined to be imperative to the study of chemical diversity, since this can be a distinguishing 
feature for natural product and natural product derivatives.
23
 The library described hereafter is a 
collection of only approximately 160 natural products isolated or synthesized in house and 
compared to the well-established NCI Diversity Set I
24
 and Antimarin
25
 databases using twenty-
four chemical descriptors. Their chemical diversity and respective biological activities are 
illustrated in addition to their potential use in bioassay dereplication strategies. 
 
3.2. Techniques and methods used to define chemical diversity 
 The NCI Diversity set I
24
 and AntiMarin
25
 databases were used to accomplish the 
production of a unique and chemically diverse comparison. The NCI Diversity set consists of 
1990 compounds; however, upwards of approximately 2300 are present in this study since other 
isomers such as tautomers or protomers are also represented.  These were computed from 
SMILES strings. The AntiMarin database is marine natural products based, and in the year 2013, 
the year used for this study, it was documented to comprise 62,830 compounds. However, 
removal of replicates reduced this number closer to 50,000. The molecular data for AntiMarin 
was extracted using ChemBioFinder for Office 13. An in house script was used to automatically 
convert both databases into 3D energy minimized structures using Schrödinger Maestro.
26
 The 
CDDI Diversity Set is comprised of marine and some terrestrial natural products originating 
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from microbial and macroorganisms from both polar and temperate environments, as well as 
some of their synthetic derivatives (Figure γ.3.1). The 160 compounds representing the 
Chemodiversity set were modeled manually in 3D using Schrödinger Maestro
26
. 
 
 
γ.3.1. Representative examples of the natural products comprising the CDDI compound library. 
 
 All three databases were subject to analysis using Schrödinger QikProp
26
 which provided 
predictions for ADME chemical properties associated with each molecule. Of the 52 properties 
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calculated by QikProp, 24 descriptors (chiral centers, #non-conjugated amine groups, #acids, 
#non-conjugated amides, #non-hindered, non-trivial rotatable bonds, #reactive functional groups, 
MW, dipole moment, total solvent accessible surface area (SASA), hydrophobic component of 
SASA present (FOSA), hydrophilic component of SASA (FISA), pi bond component of SASA 
(PISA), weakly polar component of SASA, #potential hydrogen bond donors to water molecules, 
#potential hydrogen bond acceptors to water molecules, log p octanol/water (QPlogPo/w), 
predicted aqueous solubility, predicted Caco-2 cell permeability (QPPCaco), #likely metabolic 
reactions, #nitrogen and oxygen atoms, #ring atoms, #non-hydrogen (heavy) atoms) were 
determined to represent the biologically relevant chemical space needed for this study.
27
 These 
descriptors were determined by their general relevance in bioactivity and capability to represent 
the most accurate range of chemical space with a minimal amount of variables. Details on the 
Jaccard similarity coefficients and PCA protocols performed using these descriptors can be 
found in Appendix C.  
 
3.3. CDDI compound library diversity results 
 It can be concluded from the analyses done that the compound library held by the CDDI 
comprises relatively the same area of chemical space created by the descriptors used as the larger 
diverse libraries. The Jaccard similarity coefficients (Figure γ.3.2) show the overall distribution 
of each library, and it is noted that the AntiMarin database has the least similarity throughout 
which is aided by the magnitude of the library. The NCI Diversity Set has an almost even 
distribution across the coefficient range showing desirable compound diversity where the mode 
falls just left of the CDDI library mode. 
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Figure γ.3.2. Plot of calculated Jaccard similarity coefficient versus normalized frequency 
comparing the diversity of the three compound libraries. 
 
 PCA (Figure γ.3.3) displays further that the overall distribution of the three compound 
libraries overlap very well, solidifying the Jaccard similarity analysis. PCA also provides 
additional information about which parameters effect the given variance. The greatest variability 
within the data seems to originate with chemical properties pertaining to polarity via partition 
coefficients (QPlogPo/w) or cell permeability (QPPCaco), which are largely responsible for 
97.4% of the variance and represent the PC1 and PC2 axes. The greater clustering of the NCI 
Diversity Set in the lowest and highest scores along the PC1 axis (x-axis) demonstrates the 
presence of molecules with similar chemical properties being overly represented. Many 
compounds at the highest points on the PC2 axis (y-axis) appear to mostly be present in the 
AntiMarin database. These are very small (MW < 200) molecules with high hydrophobicity, 
some volatility, and occasional halogenation (i.e. toluene and chloroform produced mostly by 
algal species) and are known for human toxicity or undesirable biological activities. Other 
relatively small (MW < 400), hydrophobic compounds with more desirable biological activity 
such as cyclic, rigid terpenes are largely located at the midpoint on the quasi-hypotenuse of the 
triangularly shaped plot. Structure classes similar to primary metabolites such as carbohydrates, 
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steroids, and other higher terpenes are in the aforementioned high density regions (left and right 
of the PC1 axis). 
 
Figure γ.3.3. Principal Component Analysis of molecular descriptors representative of the 
compounds for each compound library. PC1 = QPlogPo/w; PC2 = QPPCaco. AntiMarin 
(yellow); NCI Diversity Set I (blue); CDDI (red). 
 
 For clarity, PCA ordinations with only the CDDI compound library displayed are shown 
in Figure γ.3.4 and γ.3.5. The compounds that have been tested in biological assays against P. 
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falciparum include many that were also found to be cytotoxic to animal cell lines or known 
mycotoxins, so these were removed to prevent misrepresentation (Figure γ.3.4). These molecules 
were also removed from the PCA plot with overlaid L. donovani activity (Figure γ.3.4). The 
results show that the activity against malaria and leishmaniasis differ in specific regions based on 
the chemical properties of the active compounds. All bioassays were performed by collaborators 
in Dr. Dennis Kyle’s Lab in the Department of Public Health at USF and follow the protocols of 
Desjardins et al. and Siqueira-Neto et al.
28-31
 Some compounds exhibiting antileishmanial 
activity cluster together forming sites where specific chemical properties lead to activity against 
the parasite. This phenomenon was utilized for preliminary bioassay prediction, where the 
activity of 62 (0.8 m) and 63 (1.1 m) against the axenic amastigote form provided evidence 
that compound 92 may have similar chemical properties leading to antileishmanial activity 
(Figure γ.3.5). The structures of compounds 62, 63, and 92 can be found in Figure γ.3.6. 
Compound 92 was found to be active against the parasite at 5 m in the axenic amastigote assay 
and 2 m in the infected macrophage stage. 
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Figure γ.3.4. Zoomed in image of Figure 2 PCA plot with only CDDI (red) labelled with 
overlaid activity (powder blue circles) against P. falciparum (left) and L. donovani (right) with 
activity related to known cytotoxins removed. Largest blue circles represent < 1.0 m activity 
against P. falciparum, midsized = 1.0-10.0 m, and smallest = 10.0-48.0 m. 
 
 
Figure γ.3.5. Zoomed image of the region containing the antileishmanial compounds from the 
bottom right cluster in Figure 4 (right image; cluster circled in black). Compounds 62 and 63 
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(circled in red) were used to successfully predict the antileishmanial activity (dark gray circles) 
of compound 92. 
 
Figure γ.3.6. Structures of compounds 62 (membranolide G), 63 (membranolide H), and 92 
(myricanol triacetate; atropisomerism not represented) from Figure γ.3.5. 
 
3.4. Conclusions about the CDDI compound library and its therapeutic potential 
 Malaria and leishmania causing parasites are responsible for a multitude of deaths across 
the globe each year.
13,14
 There is little known of how to combat tropical and neglected diseases, 
especially those forming rapid resistance against current drug therapies. The goal of this study 
was to create a small diverse compound library capable of being screened in other bioassays or 
protein docking studies,
32
 and subsequently develop a method to identify compound scaffolds 
with cytotoxicity towards these parasites. It has been reported that 39% of all current marketed 
drugs originate from natural products or natural product derivatives.
33
 The CDDI library shown 
here is representative of the natural products and derivatives isolated or synthesized from all over 
the globe and many from marine origin. Although larger compound libraries maintain power in 
numbers, blindly testing all of the compounds against a multitude of targets can be time 
consuming and financially burdening. 
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As suggested by the Jaccard similarity and Principal Component Analyses, the CDDI library 
provides comparable chemical diversity to the larger compound libraries (Figure γ.3.2 and γ.3.3). 
The NCI Diversity set I
24
 and AntiMarin
25
 databases were used to accomplish two aspects of 
chemical diversity. The NCI Diversity set was developed specifically to target a broad scope of 
chemical space with a limited number of synthetic small molecules to optimize cancer screening 
efforts. AntiMarin was used as a reference for marine natural products chemical diversity, since a 
large number of the compounds present in the Chemodiversity lab’s 160 compounds are from 
marine origin, as well as a reference for diversity do to the magnitude of the library. The 
diversity represented here is desirable for screening compounds against phenotypic assays with 
unknown mechanisms of action to hopefully uncover new chemical entities capable of 
preventing rapid resistance to current therapeutics. It can be a time consuming process to 
discover new scaffolds capable of combating resistance, especially in natural products research.
34
 
Therefore, the chemical properties of these molecules and their relative location in the chemical 
space represented could lead to mechanism of action or selectivity studies for quicker discovery. 
Great limitation remains in predictability; however, of the molecules tested to date against 
visceral leishmaniasis and malaria causing parasites, some have shown overlapping chemical 
features, while others can be found in completely different regions of the PCA plots (Figure 
γ.3.4). The clustering of potent antileishmanials was indicative of chemical properties that could 
be desirable for finding other equally active molecules. Compounds 62 and 63 were analyzed for 
close neighboring structures to show the potential predictability of the data, and compound 92 
was selected to test the hypothesis. Compound 92 was shown to exhibit low micromolar activity, 
and although submicromolar was anticipated, these findings still show that representing chemical 
space with complimentary bioassay data provides a new perspective in bioassay dereplication 
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(Figure γ.3.5). It should be noted that it was later discovered that 92 was tested against L. 
donovani as a mixture of atropisomers. Only one of these structures is represented in the 
compound library database, so further work would need to test if these two structures would fall 
in similar regions of the PCA plot shown.  
Small representative subsets such as the one we have proposed here are a necessity for 
future discovery, especially where the biological targets are unknown. It is recognized that this is 
not an all-inclusive alternative and many limitations remain. Unpredictable outcomes are always 
a possibility in studies such as HTS, and scientists are limited to chemical space models relative 
to our current knowledge of known molecules. Furthermore, bioassay predictability is limited in 
a PCA model defined by chemical properties without a large dataset. The initial analyses done 
here are promising; however, much more phenotypic assay data is needed to make feasible 
predictions of which bioassays to submit newly discovered natural products. This is due to the 
inherent frameworks of PCA, and each direction surrounding a cluster of compounds represents 
different chemical properties due to the vector nature of the plot. This could mean losing activity 
with a molecule in close proximity that does not follow the correct physical properties, which 
was observed with compound 60 (membranolide D; Figure γ.3.5; not circled). This would be 
avoided with further bioassay activity present in the dataset.  
Limitations aside, the information we can get from this data is still immense, and many 
other analyses using this data set could give insight into other avenues of drug discovery. Such as, 
the properties describing the greatest variability are not necessarily good representations of the 
chemical structures. They are excellent for ADME or biological relevance, but in order to do 
future MOA studies or specific analysis of the activity of a given structural class, the chemical 
descriptors should be adjusted. By using PCA, it can provide the PC’s that contribute the most to 
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the variance structurally, and one might be able to predict how a molecule binds to a protein or 
see which structural features are necessary for activity. In the case of the methoxy substituents in 
shagene A and membranolides G and H, they do not fall in similar regions of the current PCA 
plot; however, the methoxy group is very important for antileishmanial activity.  A more focused 
cheminformatics approach might be able to predict this. Another way that this data can be used is 
by looking at the AntiMarin compounds used as a reference for diversity. We can look at which 
structures in this database we may need to expand the library into low density regions (Figure 
γ.3.7) or possibly which types of other molecules not present in our own library may have 
activity. As mentioned in the previous sections, the natural products we need to expand diversity 
are small terpene-like scaffold with complex cyclic structures and three-dimensionality. The 
monoterpenes from chapter 1 and more so the shagenes from chapter 2 have proven to expand 
our library into regions lacking representation. The compound library presented here provides 
the evidence that chemical diversity can be accomplished with limited molecular entities due to 
the inherent diversity of natural products. There is great potential in truly utilizing the technology 
of the 21
st
 century to help solve the health problems of mankind.
35,36 
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Figure γ.3.7. Molecules found in AntiMarin that represent an area of chemical space of which 
the CDDI compound library is devoid. 
 
References 
 
1. Koutsoukas, A.; Paricharak, S.; Galloway, W. R.; Spring, D. R.; IJzerman, A. P.; Glen, R. 
C. How diverse are diversity assessment methods? A comparative analysis and 
benchmarking of molecular descriptor space. J. Chem. Inf. Model. 2014, 54, 230-242. 
 
2. Macarron, R.; Banks, M. N.; Bojanic, D.; Burns, D. J.; Cirovic, D. A.; Garyantes, T. et al. 
Impact of high-throughput screening in biomedical research. Nat. Rev. Drug Discov. 
2011, 10, 188-195. 
 
3. Lopez-Vallejo, F.; Giulianotti, M. A.; Houghten, R. A.; Medina-Franco, J. L. Expanding 
the medicinally relevant chemical space with compound libraries. Drug Discov. Today 
2012, 17, 718-726. 
 
4. Nguyen, H. P.; Koutsoukas, A.; Mohd Fauzi, F.; Drakakis, G.; Maciejewski, M.; Glen, R. 
C. et al. Diversity selection of compounds based on 'protein affinity fingerprints' 
improves sampling of bioactive chemical space. Chem. Biol. Drug Des. 2013, 82, 252-
266. 
 
5. Singh, S. B. and Culberson, J. C. Chemical Space and the Difference Between Natural 
Products and Synthetics. In Natural Product Chemistry for Drug Discovery, Buss, A. D.; 
Butler, M. S., Eds. Royal Society of Chemistry: Cambridge, UK, 2010. 
 
80 
 
6. Lachance, H.; Wetzel, S.; Kumar, K.; & Waldmann, H. Charting, navigating, and 
populating natural product chemical space for drug discovery. J. Med. Chem. 2012, 55, 
5989-6001. 
 
7. Keiser, M. J.; Setola, V.; Irwin, J. J.; Laggner, C.; Abbas, A. I.; Hufeisen, S. J. et al. 
Predicting new molecular targets for known drugs. Nature 2009, 462, 175-181. 
 
8. Lounkine, E.; Keiser, M. J.; Whitebread, S.; Mikhailov, D.; Hamon, J.; Jenkins, J. L. et al. 
Large-scale prediction and testing of drug activity on side-effect targets. Nature 2012, 
486, 361-367. 
 
9. Peragovics, A.; Simon, Z.; Tombor, L.; Jelinek, B.; Hári, P.; Czobor, P. et al. Virtual 
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OMEGA 
 
 The projects described in this dissertation reveal the broad spectrum that natural products 
chemistry encompasses, and that is a result of the complexity and interconnectedness of the 
chemistry surrounding all organisms and things in the known universe. Too often we find 
ourselves living in a world of closemindedness and egoism. The goal of this research was to 
show that chemical ecology between plants and animals is no different than the ecology of the 
human body. The microorganisms in our bodies form a chemically and biologically diverse 
ecosystem just as they do in swamps, marine sponges, or your shower drain. We have our own 
symbiotic organisms, both good and bad, and just as the interplay of organisms is important to 
sustain a complex ecosystem such as the Antarctic oceans, it is also important for human life. 
The onset of the information age and “big data” has brought rise to attempts in answering 
interdisciplinary questions through the ‘omics and databasing eras, but it is only the beginning. 
The statistical analyses used here helped solve a few riddles of marine chemical ecology while 
also revealing the connections between molecules from these ecological studies to aiding 
infectious disease research. My hope is that these types of analyses will continue and flourish in 
the coming century. Simple questions that have been around for eons are still lingering in the 
back of most scientists’ heads, and it is due time for a few major breakthroughs.    
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Appendix A: Experimental and supporting data for chapter 1 
GC/MS Metabolomics and Statistical Analysis Methods 
MPLC Chromatograms 
NMR and Mass Spectra 
 
GC/MS Metabolomics and Statistical Analysis Methods 
The eighteen locations sampled for P. cartilagineum were labelled “Pcart” and created in 
triplicate following the nomenclature as follows (LocationYear): BP12: Bahia Paraiso 2012; 
EL13: East Litchfield 2013; HIs13: Hermit Island 2013; Hero13: Hero Inlet 2013; LIs13: 
Laggard Island 2013; NLIs13: North Laggard Island 2013; NLt13: North Litchfield Island 2013; 
NCBP13: North C. Bonaparte Point 2013; NSI13: North Shortcut Island 2013; PD13: Palmer 
Dock 2013; R13: Random Sample 2013; SEBP13: South East Bonaparte Point 2013; SWBP13: 
South West Bonaparte Point 2013; SESI13: South East Shortcut Island 2013; Sol13: Solstice 
2013; SWHI13: South West Hermit Island 2013; SWLt12: South West Litchfield Island 2012; 
J13: Janus Island 2013. 
 
Many of the protocols from Young et al. were followed for GC/MS metabolomics with a few 
motifications, and the instrument parameters are shown below. Rather than GC/MS-QQQ, we 
used more accurate mass instrumentation via the GC/MS-QToF, and a high temperature capable 
column, an Agilent DB5-HT. Sample preparation required an extraction of equal masses of algal 
thallus (~1.5 g) with MeOH:DCM (1:3). These were then standardized to 4 mg/mL and 1 L 
injected on to the GC. Later, it was recognized that an initial extraction with MeOH to remove 
most of the water or polar/non-volatile metabolites would be beneficial, and then the secondary 
extraction using CH2Cl2 could be analyzed on the GC. The temperature gradient used by Young 
et al. was followed unaltered and NCI and EI sources were utilized. NCI emission currents were 
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varied from 5 A to 200 A. For Paradexamine fissicauda extracts, 100 A showed the best 
signal to noise ratio. When extracting the post-run compound data, rather than 10% of the largest 
peak, it was changed to 2% of the largest peak for the CEF files produced by the Agilent 
MassHunter software available on the GC/MS-QToF. This data was transferred to Agilent’s 
Mass Profiler Professional statistical software to subtract the blank samples and combine 
triplicates samples made for each algal specimen to reduce outliers. This data was then imported 
via an Excel spreadsheet in to the Primer e v6 statistical software for analysis (Clarke, K. R.; 
Gorley, R. N. 2006. PRIMER v6: User Manual/Tutorial. Primer-E, Plymouth). The MDS plot 
was created from the Bray Curtis Similarity matrix of square root transformed data. A stress 
value of 0.2 was obtained, which is mediocre, but expected due to the inherent similarity 
between these compounds. It should be assumed that it would take multiple iterations to produce 
variability between these polyhalogenated monoterpenes, which sometimes only vary based on 
stereochemistry. The same methods were used for metabolomics of Paradexamine fissicauda.  
 
EI and NCI GC/MS Instrument Parameters: 
======================= 
INSTRUMENT CONTROL PARAMETERS:    GC_QTOF 
 
D:\MassHunter\GCMS\1\methods\PlocamiumCompounds_Jax_NCI.M 
D:\MassHunter\GCMS\1\methods\PlocamiumCompounds_Jax_EI.M 
 
Control Information 
 
Sample Inlet:      GC 
Injection Source:     PAL Sampler 
Mass Spectrometer:     Enabled 
 
Injection Volume:            1 µl 
Overlap Injection Mode:      No Overlap 
 
PAL Method Information 
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======================= 
Syringe:                   10ul 
Cycle:                        MACRO GC_Liq4-V2 
 
Parameters of PAL Cycle  
========================= 
Air Volume (µl):                           1 
Pre Clean with Solvent 1 :                 1 
Pre Clean with Solvent 2 :                 1 
% Syringe Fill for Cleaning (%):  90 
Pre Clean with Sample :                    0 
Sample Amount for Cleaning (µl):    5 
Filling Speed (µl/s):                      2 
Filling Strokes :                          5 
Inject to:                                  GC Inj1 
Injection Speed (µl/s):                    50 
Pre Inject Delay (ms):                     500 
Post Inject Delay (ms):                    500 
Post Clean with Solvent 1 :                3 
Post Clean with Solvent 2 :                3 
 
No Sample Prep method has been assigned to this method. 
 
Oven 
Equilibration Time                            0.5 min 
Max Temperature                               400 degrees C 
Slow Fan                                      Disabled 
Oven Program                                  On 
    100 °C for 2 min 
    then 5 °C/min to 250 °C for 3 min 
Run Time                                      35 min 
 
QQQ Collision Cell EPC 
  He Quench Gas                               Off 
  N2 Collision Gas                            On    1 mL/min 
 
Sample Overlap 
Sample overlap is not enabled 
 
Front SS Inlet He 
Mode                                          Splitless 
Heater                                        On    250 °C 
Pressure                                      On    21.269 psi 
Total Flow                                    On    54.2 mL/min 
Septum Purge Flow                            On    3 mL/min 
Septum Purge Flow Mode                  Switched 
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Gas Saver                                     On    20 mL/min After 2 min 
Purge Flow to Split Vent                    50 mL/min at 0.74 min 
 
Thermal Aux 2 (Unknown) 
Heater                                        On 
Temperature Program                         On 
    280 °C (NCI) 300 °C (EI) for 0 min 
Run Time                                      35 min 
 
Column #1 
J&W 122-5731: 4 
DB-5ht 
400 °C: 30 m x 250 μm x 0.1 μm 
In: Front SS Inlet He 
Out: Aux EPC 6  
 
(Initial)                                     100 °C 
Pressure                                      21.269 psi 
Flow                                          1.2 mL/min 
Average Velocity                              25.017 cm/sec 
Holdup Time                                   1.9986 min 
Flow Program                                  Off 
    1.2 mL/min for 0 min 
Run Time                                      35 min 
 
Column #2 
Agilent 160-2825-5: 2703.69982 
Inert 
450 °C: 0.5 m x 100 μm x 0 μm 
In: Aux EPC 6 He 
Out: Vacuum  
 
(Initial)                                     100 °C 
Pressure                                      8.412 psi 
Flow                                          1.3 mL/min 
Average Velocity                              329.37 cm/sec 
Holdup Time                                   0.0025301 min 
Flow Program                                  Off 
    1.3 mL/min for 0 min 
Run Time                                      35 min 
 
Aux EPC 4 He 
***Excluded from Affecting GC's Readiness State*** 
Pressure Program                              Off 
    20 psi for 0 min 
Run Time                                      35 min 
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Aux EPC 5 He 
***Excluded from Affecting GC's Readiness State*** 
Pressure Program                              Off 
    10 psi for 0 min 
Run Time                                      35 min 
 
Aux EPC 6 He: Supplies Column 2 
***Excluded from Affecting GC's Readiness State*** 
======================= 
 
 
MPLC Chromatograms 
 
 
First NP MPLC Chromatogram of P. cartilagineum 
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Second NP MPLC of the Remaining Stocks for P. cartilagineum 
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Additional NMR and Mass Spectra of Monoterpenes 1-7 
Pcart-JAXpg108-D-3_PROTON_01.esp
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H NMR Spectrum (CDCl3, 500 MHz) of Monoterpene 1 
 
 
NCI GC/MS-QToF Chromatograms and Mass Spectrum of Monoterpene 1 vs Original Crude 
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13
C NMR Spectrum (CDCl3, 125 MHz) of Monoterpene 2 
 
 
NCI GC/MS QQQ Spectrum of Monoterpene (6) 
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NCI GC/MS QQQ Spectrum of Monoterpene 7 isomers 
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GC/MS-QToF [EI] Chromatograms, Mass Spectrum, and NIST 2014 Database Identification of 
Heptadecane Standard and Fraction A from P. cartilagineum MPLC Separation 
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Appendix B: Experimental and supporting data for chapter 2 
MPLC Chromatograms 
Compound Data 
NMR Spectra for Shagenes A and B 
NMR Spectra for (-) Cembrene A 
NMR Spectra for Pukalide Aldehyde and Keikipukalides A-D 
 
 
MPLC Chromatograms and NMR 
 
 
NP MPLC Chromatogram for Unknown Coral, NBP11-10 
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NP MPLC Chromatogram for Briareopsis aegeon, NBP13-19 [Showing Hexanes to EtOAc] 
 
 
 
NP MPLC Chromatogram for Briareopsis aegeon, NBP13-19 [Showing EtOAc to MeOH] 
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NP MPLC Chromatogram for Plumarella delicatissima, NBP13-69 
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1
H NMR Spectra (400 MHz, CDCl3) of MPLC Fractions E-H from P. delicatissima 
 
Compound Data 
Shagene A (1): UV (CH2Cl2) λmax (ε) 240 (5945) nm; IR (thin film) 2959, 3050, 2933, 2877, 
1734, 1655, 1458, 1369, 1246, 1089, 1026 cm
-1
; 
1
H and 
13
C NMR data, see Table β.2.1; 70 eV 
HREIMS m/z 290.1878 ([M]
+
) (C18H26O3 calcd, 290.1882).  
 
Shagene B (2): UV (CH2Cl2) λmax (ε) 257 (5425), 240 (6357) nm; IR (thin film) 3080, 2960, 
2929, 2858, 1734, 1696, 1607, 1462, 1380, 1242, 1186, 1030 cm
-1
; 
1
H and 
13
C NMR data, see 
Table β.2.1; 70 eV HREIMS m/z 274.1569 ([M]+) (C17H22O3 calcd, 274.1569). 
 
E 
F 
G 
H 
99 
 
(-) Cembrene A (4): clear oil; NMR comparison to spectra below verified known structure; 70 
eV HREIMS m/z 272.2482 ([M]
+
) (C20H32 calcd, 272.2504). 
 
Pukalide Aldehyde (8): clear needle-like crystals; UV(C2H3N) λmax 275, 207; IR (crystal) 3074, 
2933, 2858, 1752, 1677, 1566, 1271, 1082, 1037, 895, 791, 735, 705 
1
H NMR data, see Table 
β.2.2; 13C NMR (CDCl3, 125 MHz)  184.5 (CH, C-18), 174.0 (C, C-20), 162.7 (C, C-3), 149.8 
(C, C-6), 148.1 (C-11), 145.3 (C, C-15), 137.5 (C, C-12), 123.1 (C, C-4), 113.7 (CH2, C-16), 
104.2 (CH, C-5), 77.8 (CH, C-10), 57.1 (C, C-8), 54.9 (CH, C-7), 40.6 (CH, C-1), 40.0 (CH2, C-
9), 32.3 (CH2, C-14), 31.2 (CH2, C-2), 22.7 (CH, C-13), 19.9 (CH3, C-19), 18.8 (CH3, C-17);  70 
eV HREIMS m/z 342.1468 ([M]
+
) (C20H22O5 calcd, 342.1467). 
 
Keikipukalide A (5): clear crystals; UV(C2H3N) λmax 275, 207; IR (thin film) 2936, 1778, 1677, 
1566, 1391, 1350, 1089, 1048, 739 cm
-1
; 
1
H NMR data, see Table β.2.2; 13C NMR (CDCl3, 100 
MHz)  184.3 (CH, C-18), 169.0 (C, C-20), 162.2 (C, C-3), 149.2 (C, C-6), 145.8 (CH, C-14), 
143.5 (C, C-15), 124.3 (C, C-4), 115.6 (CH, C-13), 113.6 (CH2, C-16), 105.6 (CH, C-5), 75.3 
(CH, C-10), 64.1 (CH, C-11), 58.0 (CH, C-12), 56.9 (C, C-8), 54.6 (CH, C-7), 47.1 (CH, C-1), 
40.4 (CH2, C-9), 31.0 (CH2, C-2), 23.2 (CH3, C-17), 21.3 (CH3, C-19); LRESIMS m/z 357.1 
([M+H]
+
); 70 eV HREIMS m/z 356.1261 ([M]
+
) (C20H20O6 calcd, 356.1260). 
 
Keikipukalide B (6): clear oil; UV(C2H3N) λmax 275, 207; IR (thin film) 2936, 1741, 1677, 1566, 
1424, 1372, 1223, 1085, 1022, 739 cm
-1
; 
1
H NMR data, see Table β.2.2; 13C NMR (CDCl3, 100 
MHz)  184.2 (CH, C-18), 170.6 (C, C-21), 169.4 (C, C-23), 166.6 (C, C-20), 161.6 (C, C-3), 
149.5 (C, C-6), 145.5 (CH, C-13), 143.0 (C, C-15), 127.4 (C, C-12), 123.4 (C, C-4), 114.8 (CH2, 
100 
 
C-16), 104.7 (CH, C-5), 81.0 (CH, C-10), 72.9 (CH, C-11), 70.6 (CH, C-14), 56.3 (C, C-8), 54.7 
(CH, C-7), 47.4 (CH, C-1), 40.11 (CH2, C-9), 28.7 (CH2, C-2), 24.7 (CH3, C-17), 21.2 (CH3, C-
24), 21.0 (CH3, C-22), 20.7 (CH3, C-19); LRESIMS m/z 459.2 ([M+H]
+
); 70 eV HREIMS m/z 
338.1143 ([M]
+
 - 2 COOCH3) (C24H26O9 calcd, 458.1577). 
 
Keikipukalide C (7): oily white powder; UV(C2H3N) λmax 275, 207; IR (thin film) 3458, 3059, 
2973, 2936, 1756, 1681, 1566, 1383, 1271, 1089, 1052, 1026, 899, 735, 705 cm
-1
; 
1
H NMR data, 
see Table β.2.2; 13C NMR (CDCl3, 100 MHz)  184.4 (CH, C-18), 170.6 (C, C-21), 168.2 (C, C-
20), 162.4 (C, C-3), 151.9 (CH, C-13), 149.7 (C, C-6), 144.8 (C, C-15), 124.0 (C, C-12), 123.3 
(C, C-4), 113.0 (CH2, C-16), 105.1 (CH, C-5), 80.8 (CH, C-10), 73.9 (CH, C-11), 56.8 (C, C-8), 
54.4 (CH, C-7), 40.8 (CH, C-1), 40.4 (CH2, C-9), 30.7 (CH2, C-2), 30.4 (CH2, C-14), 23.7 (CH3, 
C-17), 21.0 (CH3, C-22), 21.0 (CH3, C-19); LRESIMS m/z 401.2 ([M+H]
+
); 70 eV HREIMS m/z 
340.1338 ([M]
+
 - COOCH3) (C22H24O7 calcd, 400.1522). 
 
Keikipukalide D: pale yellow oil/amorphous solid; UV(C2H3N) λmax 275, 207; IR (thin film) 
3361, 3063, 2977, 2936, 1785, 1748, 1677, 1566, 1376, 1223, 1044, 914, 735, 705 cm
-1
; 
1
H and 
13
C NMR (CDCl3, 500 and 100 MHz; spectra shown below); LRESIMS m/z 417.2 ([M+H]
+
); 70 
eV HREIMS m/z 356.1251 ([M]
+
 - COOCH3) (C22H24O8 calcd, 416.1471). 
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NMR Spectra for Shagenes A and B 
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1
H NMR Spectrum (500 MHz, CDCl3) of Shagene A (1) 
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H NMR Spectrum (500 MHz, CDCl3) of Shagene A (1) “Degradation” Product Formation 
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Zoomed Image (4.8 ppm-6.1 ppm) of
 1
H-
1
H ROESYAD-NUS NMR Spectrum (500 MHz, 
CDCl3) of Shagene B (2) 
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Zoomed Image (1.6 ppm-2.3 ppm) of
 1
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H ROESYAD-NUS NMR Spectrum (500 MHz, 
CDCl3) of Shagene B (2) 
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NMR Spectra for (-) Cembrene A 
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1
H NMR Spectrum (500 MHz, C6D6) of (-) Cembrene A (4) 
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C NMR Spectrum (125 MHz, C6D6) of (-) Cembrene A (4) 
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NMR Spectra for Pukalide Aldehyde and Keikipukalides A-D 
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1
H NMR Spectrum (400 MHz, CDCl3) of Pukalide Aldehyde 
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1
H NMR Spectrum (400 MHz, CDCl3) of Keikipukalide B Methyl Ester 
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H NMR Spectrum (400 MHz, CDCl3) of Keikipukalide C 
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13
C NMR Spectrum (100 MHz, CDCl3) of Keikipukalide C 
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1
H-
13
C gHMQC NMR Spectrum (400 MHz, CDCl3) of Keikipukalide C 
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1
H-
1
H NOESY NMR Spectrum (400 MHz, CDCl3) of Keikipukalide C 
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13
C NMR Spectrum (100 MHz, CDCl3) of Keikipukalide D 
4.59, 2.10
5.54, 3.15
3.33, 3.15
4.84, 1.78
3.15, 2.95
5.67, 5.54
6.59, 5.67
3.33, 2.95
F2 Chemical Shif t (ppm) 8 7 6 5 4 3 2 1
1
2
3
4
5
6
7
8
9
10
 
1
H-
1
H gCOSY NMR Spectrum (400 MHz, CDCl3) of Keikipukalide D 
 
10 9 8 7 6 5 4 3 2 1 0
F2 Chemical Shift (ppm)
0
50
100
150
200
F
1
 C
h
e
m
ic
a
l 
S
h
if
t 
(
p
p
m
)
1
2
O
3
4
5
6
7
8
9
O
10
11
12
13
14
15
16
17
O
18
19
20
21
22
23
O
24
1
H-
13
C gHMQC NMR Spectrum (400 MHz, CDCl3) of Keikipukalide D 
122 
 
F2 Chemical Shif t (ppm) 8 7 6 5 4 3 2 1
20
40
60
80
100
120
140
160
180
 
1
H-
13
C HMBC NMR Spectrum (400 MHz, CDCl3) of Keikipukalide D 
 
F2 Chemical Shif t (ppm) 8 7 6 5 4 3 2 1
1
2
3
4
5
6
7
8
9
10
 
1
H-
1
H NOESY NMR Spectrum (500 MHz, CDCl3) of Keikipukalide D  
123 
 
Appendix C: Experimental and supporting data for chapter 3 
 
Jaccard Similarities and Principal Component Analysis: 
The chemical diversity of the Chemodiversity Lab’s compound library was assessed via 
similarity-based statistical analysis in comparison to the NCI Diversity Set I and the marine 
natural products database AntiMarin. Initial relationship patterns were analyzed using Jaccard 
calculations and principal component analysis (PCA) of all molecular entities to provide 
graphical representations of space distribution. Jaccard analysis was done using chemical 
fingerprints comprised of the formerly mentioned 24 chemical descriptors, which then assigned a 
similarity coefficient to each chemical entity.   
The Jaccard index (or similarity coefficients) is defined as the size of the intersection divided by 
the size of the union in a given sample set. Jaccard similarity coefficients were used rather than 
Tanimoto, since the presence or absence of a feature did not seem sufficient to represent the 
diversity of this data set. Often in literature, Tanimoto and Jaccard are used synonymously; 
however, in our case, the bits used represent the closeness of a feature depending on the 
descriptor type, hence arbitrary and more specific to the Jaccard index.  
PCA ordinations were done using the PRIMER e v6 software platform mentioned in Appendix A. 
Principle component analysis is used in order to simplify the graphical representation of the data. 
The 24 chemical descriptors are orthogonally transformed and displayed in a 2D plot with the 
components best describing the overall variance as PC1 and PC2. 3D plotting is also possible, 
but seems moot on a 2D dissertation. QikProp outputs were directly transferred into the PRIMER 
platform and standardized. Transformation of the data was only applied to the descriptors 
QPlogPo/w and QPlogS, since negative values are unsupported. These were therefore returned to 
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ratio form by reversing the log functionality values given for all compounds. For the principal 
component analysis, a four dimensional ordination was deemed necessary by the software in 
order to maximize variance in space distribution. However, it is noted that the PC1 axis and PC2 
axis account for 97.4% of the variability, so less axes may sufficiently represent the data. 
Specifically, PC1 had a % variation of 83.1%, PC2 14.3%, PC3 1.3%, and PC4 0.7%. The PC1 
axis is most represented by QPlogPo/w and perpendicular to PC1 (PC2) is QPPCaco. The largest 
contributing components to the remaining PC’s are FOSA (and less so FISA and PISA) for PC3 
and molecular weight for PC4. In order to visualize these data based on biological activity, molar 
concentrations of phenotypic assay toxicities were overlayed to produce high density regions of 
activity as relative to the PCA plot. The scale used for density overlays was the largest circles 
represent < 1.0 m activity against Plasmodium falciparum, midsized circles = 1.0-10.0 m, and 
smallest = 10.0-48.0 m. This was done with only those compounds that have been screened in 
the biological assays specific to Leishmania donovani and resistant or partially resistant P. 
falciparum. 
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